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SUMMARY 
The purpose of this investigation was to design and 
operate a pilot plant for continuous separation of zircon­
ium from hafnium, based upon the preferential adsorption on 
activated silica gel of hafnium compounds from a methanol 
solution of hafnium and zirconium tetrachlorides. The con­
tinuous adsorption column used to obtain the experimental 
data reported was six inches in diameter, filled with ad­
sorbent to a depth of 65 inches. The column had a nominal 
capacity of 0.2 pound of purified zirconium per hour, and 
reduced the hafnium content of the zirconixan from 20,000 to 
100 parts per million. 
Feed solution composition and silica gel quality were 
held to specifications based upon prior investigation. The 
factor by which the hafnium to zirconium ratio was reduced, 
defined as the purification ratio, was observed to vary di­
rectly with the silica gel feed rate, and inversely with the 
product solution flow rate. Experimental values of the puri­
fication ratio were correlated with the ratio of the adsorbent 
bed volume to the product solution flow rate, and with the 
ratio of the silica gel feed rate to the product solution 
flow rate. The yield of zirconi\am was observed to vary in­
versely with the ratio of the silica gel feed rate to the 
2 
product solution flow rate. 
The results of the research were applied to the design 
of a proposed semi-works plant for the purification of one 
thousand po\mds of zirconium per month. The product would 
would be recrystallized, high-purity zirconyl chloride octa-
hydrate containing less than one hundred parts of hafnium 
per million parts of zirconium. 
Itemized cost estimates were made which indicated that 
zirconium could be processed in this proposed semi-works 
plant at a production cost of ^ 6.6? per pound of zirconitun. 
Based upon information received from the Oak Ridge National 
Laboratory, a thiocyanate, liquid-liquid extraction plant, 
having the same capacity would involve production costs of 
010. llf per pound of zirconium. 
This research provides the basic engineering data from 
which a semi-works plant for adsorption separation of zircon­
ium from hafnim may be designed with confidence. 
3 
INTRODUCTION 
The structural material in a nuclear reactor must meet 
severe criteria for corrosion resistance and strength at ele­
vated temperatures, low "cross-section" for neutron capture, 
and availability in large quantities at a reasonable cost. 
High-purity zirconium metal offers promise in satisfying 
these requirements. 
Hafnium, which invariably occurs with zirconium, has a 
high cross-section for neutron capture and its removal is 
complicated by its close chemical similarity to zirconium. 
In 19^+9, Hansen (1) published his discovery that zirconium 
could be freed of hafnium by adsorption. A methanol solution 
of hafnium and zirconiira tetrachlorides, when passed through 
a column of activated silica gel, was found to be essentially 
free from hafnium. When the silica gel became exhausted to 
the extent that undesirable amounts of hafnium appeared in 
the effluent stream, the silica ^ el was replaced. The zir­
conium was recovered in a water-soluble form from the efflu­
ent stream by evaporation of the methanol. The common im­
purities such as iron, titanium and aluminum were removed by 
crystallization of the zirconyl chloride octahydrate. 
Since it appeared that appreciable economies could be 
effected by continuous countercurrent processing, and by 
recovering the silica gel and the methanol solvent, develop­
h 
ment work on this adsorption process was authorized. It was 
believed that refinements would make the process competitive 
with a liquid-liquid extraction process developed at the 
Oak Ridge National Laboratory, 
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REVIEW OP LITERATURE 
The separation of hafniiim and zirconium which led to 
the discovery of the element hafnium by Coster and Hevesy 
in 1923 J (2) was accomplished by a tedious fractional pre­
cipitation of the phosphates. Other fractional precipitations 
were published in succeeding years, the most successful of 
which were the potassium and ammonium double fluoride, (2) 
and the ferrocyanide. (3) In 19^7, Fischer and coworkers 
(^)(5) published a liquid-liquid extraction based upon the 
differential distribution of the thiocyanate complexes be­
tween ether and aqueous phases. Another liquid-liquid ex­
traction separation based upon the differential distribution 
of the thenoyltrifluoroacetone complexes between benzene and 
aqueous phases (6) was published in 19^9. 
In 19^9, Hansen (1) published his discovery of the ad­
sorption separation of zirconium from hafnium. Bte reported 
that when a methanol solution of zirconium and hafnium tetra­
chlorides was allowed to flow through a vertical column of 
activiated silica gel, significant amounts of zirconiian were 
essentially freed of hafnium. He used a glass column, 30 
inches in length and 27 millimeters in diameter, which was 
packed with 290 grams of activated silica gel, from 28 to 
200 mesh size. The methanol solution contained the equiva­
lent of 106 grams of hafnium and zirconium oxides per liter, 
6 
and passed through the column at a flow rate of 200 milli­
liters per hour. Approximately sixty grams of purified 
zirconium oxide were so obtained. 
The Y-12 Area of the Oak Ridge National Laboratory 
developed the liquid-liquid extraction process of Fischer, 
and in 19^9> reported the new process (7) and the construc­
tion of a pilot plant. (8) In 1950| this group reported 
the status of their pilot plant investigations and made 
plant proposals for the purification of zirconium by their 
process. (9) Detailed cost estimates at various scales of 
operations are included. Later in 1950» these investigators 
reported the progress of three months of pilot plant oper­
ation, and a production scale-up. (10) 
In 1950, Hansen (11) reported further progress on the 
adsorption separation. Using a glass column, 6 inches in 
diameter, containing ^ 0 pounds of activated silica gel, and 
flow rates corresponding to 20 centimeters per hour based 
upon the empty column, the equivalent of eight pounds of 
hafnium-free zirconium oxide was obtained. The zirconium 
was obtained as a water-soluble residue following evaporation 
of the solvent. It was pointed out that purification with 
respect to such impurities as iron, titanium and aluminum 
could be obtained by crystallization of zirconyl chloride 
octahydrate. 
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Hansen Investigatecl several variables of the process. 
He concluded that a good grade conjiierclal silica gel was 
satisfactory if properly activatedj that methanol was a 
superior solvent compared to several other common solvents; 
that solution concentrations of the tetrachlorides of be­
tween 15 and 25 per cent were better than 10 or M-0 per cent; 
and that flow rates corresponding to 20 centimeters per 
hour based upon the empty column were satisfactory. He also 
gave information concerning the recovery and concentration 
of the adsorbed hafnium to provide a by-product of betv;een 
30 and 60 per cent hafnlTjm oxide, and the recovery of the 
silica gel for reuse. 
Also in 1950J Hansen (12) prepared a summary report on 
the preparation of pure zirconium oxide, as practiced by the 
Ames Laboratory. He reviewed the adsorption separation of 
hafnium, the crystallization separation of iron and titanium, 
small pilot plant operations, and proposed scale-up for 
large pilot plant operation. The pilot plant referred to 
was one in v/hlch the process was operated batchv;ise, that is, 
a static bed of silica gel was used to adsorb hafnium, the 
bed being replaced upon exhaustion. This paper best summa­
rizes the status of the process Just prior to the beginning 
of the program devoted to the development of continuous ad­
sorption. 
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Following Hansen's discovery, Jacobs (13) developed a 
process for the production of a high hafnium concentrate. 
The concentrate obtained in recovering the silica gel was • 
processed to prepare a methanol solution richer in hafnium, 
which was recycled through a column of fresh silica gel. 
Tv;o such process cycles produced a product of approximately 
90 weight per cent hafnium oxide. 
In con;)unction with the development of Hansen's process, 
Baer (1^-) investigated the equilibrium distribtition of 
hafnium and zirconium between the two phases of the condensed 
system: zirconitmi tetrachloride - hafnium tetrachloride -
methanol - silica gel. He found that the ratio of the dis­
tribution coefficients was constant. He also investigated 
the activation and analysis of silica gel, and the details 
regarding the analysis of samples from the system. 
At the Ames Laboratory, where Hansen made his discovery, 
and where Jacobs and Baer did their research. Important 
research connected with and directly affecting the adsorption 
separation process is in progress. In particular, the re­
searches of R. H. Maitland on recovery of the used silica 
gel, of J. B. West on recovery of the methanol solvent, and 
of D. S. Spink on the crystallization of zlrconyl chloride 
f'or final purification are a part of the overall development 
program. The progress of these investigations is described 
in unpublished reports on file in the Ames Laboratory. 
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INVESTIGATION 
Equilibrium Distribution of Hafnium and Zirconium 
The equilibrium conditions for the system, zirconium 
tetrachloride-hafniim tetrachloride-methanol-silica gel, 
are required for economic reasons. If the key components 
(i.e. zirconiiun and hafnium) are not very differently 
distributed between the two phases, the separation \^ill be 
tedious, as illustrated by the fractional crystallization 
methods. Furthermore, if the capacity of the adsorbent for 
the preferred key component (i.e. hafnium) is very low, the 
consumption of the adsorbent v;ill be enormous. 
The equilibrium measurements of Baer (1^-) indicate 
that the relative distribution of hafnium to zirconium be­
tween the adsorbed phase and the solution phase may be con­
stant at a mean value near 15. His data further indicate 
that silica gel will adsorb up to about 10 milligrams of 
hafniiM per gram of gel from a solution in which the hafnim 
concentration is about one per cent of the zirconlTom concen­
tration, depending upon the zirconium concentration. 
In order to interpret more fully the data presented by 
Baer on equilibrium measurements, and in order to make 
reasonable predictions as to the equilibrium conditions 
under certain given circumstances of pr ctical Interest, it 
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is desirable to develop a rational rather than an empirical 
correlation for the several variables. Thus an expression 
for the relative distribution of hafnium to zirconium be­
tween the two phases may be derived and examined to determ.ine 
that under certain conditions it is a constant. Further­
more, expressions for the absolute distribution of each of 
these two key components between the two phases may be de­
rived, rearranged into a linear form, and successfully used 
to correlate data calculated from Baer's equilibrium 
measurements. 
Phase rule. In order to rigorously specify the equi­
librium concentration of any component of the system, the 
number of degrees of freedom, calculated from the phase rule 
of J. Willard Gibbs, must be fixed by appropriate specifi­
cations as well. This criterion must be satisfied when the 
original data are observed, must be satisfied when these 
data are correlated for presentation or record, and must be 
satisifed ap:ain when the correlation is applied. Otherwise 
the data are of limited utility, and of questionable pre­
cision. 
For the subject system, the operations are conducted 
at essentially constant temperature and pressure, so that 
the phase rule may be written 
F = C - P 
where F is the number of degrees of freedom, C is the 
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number of Independent components, and P is the number of 
phases. The chosen pressure (one atmosphere) exceeds the 
vapor pressure of the solution at the ambient temperature 
so that the vapor phase may be considered as condensed. 
The number of phases is thus tv/o: homogeneous solution; 
and the adsorbed phase on the surface of the silica gel. 
The m^inimum number of independent components is four: zir­
conium tetrachloride, hafnium tetrachloride, methanol and 
silica gel of given activity. The number of degrees of 
freedom is, therefore, 
F = If - 2 = 2 
for the system defined, at constant temperature and pressure. 
The presence of impurities such as iron, alumintun, and 
titanium adds to the number of independent components, and 
thus to the number of degrees of freedom, so that the total 
may reach five with only three impurities considered. The 
use of silica gel of varying activity introduces another 
independent variable to make possible a total of six degrees 
of freedom. To represent, graphically, in one model, the 
equilibrium conditions of such a system, a seven-dimensional 
space v/ould be required. To represent equilibrium conditions 
on a two-dimensional graph permits a maximum of only tvro 
degrees of freedom} even then a fam.ily of curves is obtained. 
The first problem here is to reduce to tii/o (or better, 
one) the above-mentioned six degrees of freedom. First of 
12 
all, the impurities mentioned are always present and in 
about the same amotints, so that these three or more degrees 
of freedom are essentially fixed by the quality of the raw 
material. Secondly, the silica gel used in this work is 
always reactivated before use to insure a maximum, and 
therefore constant, activity# Thus the effective ntunber of 
degrees of freedom is reduced from six to two, and the equi­
librium conditions may be represented by a family of curves 
on a two-dimensional graph. Going one step further, since 
most of the applied work is carried on at a relatively con­
stant zirconium concentration, this degree of freedom be­
comes fixed, and the equilibrium conditions may be approxi­
mated by a single ciirve. 
It must be recognized, hov;ever, that any variation of 
temperature, pressure, impurity concentration, adsorbent 
activity, or zirconium concentration will produce variations 
in the distribution of hafnium between the two phases. If 
these variations are found to be negligible, the work is 
much simplified} if not, due reference must be made to the 
value of the interfering degree of freedom if the observed 
distribution of hafnium is to have real significance. 
The experience and practice in this work has been that 
two degrees of freedom adequately define the system at equi­
librium since the impurity concentrations in the raw material 
have been quite constant at about 0.2 to O.3 per cent iron 
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plus titanium, based upon zirconium content; since the pro­
cess for reactivation of purchased silica gel has been con­
sistently producing silica gel of uniform activity; and 
since the atmospheric pressure and room temperature are 
fairly constant. Some of the scatterlnp of experimental 
equilibrium data is no doubt due to this policy of deliber­
ately "confounding" these six or more degrees of freedom. 
The decision as to which three variables (two degrees 
of freedom and the dependent variable) shall be used for 
correlation depends largely on the intended use for which 
the correlation is prepared. Since the objective of this 
process is to remove hafnium from the solution by adsorption 
onto silica gel, it seems logical to use the concentration 
of adsorbed hafnim as the dependent variable, and to corre­
late it in terms of the hafnium and the zirconium concen­
trations in solution, as the independent variables, 
Chemlsorptlon. Hansen observed that activated silica 
gel was highly specific in this operation, whereas activated 
carbon was relatively ineffective even though the carbon had 
a higher specific surface than the gel. Baer (l^f) reported 
that a period of at least 120 hours of contact was required 
to realize a satisfactory approach to equilibrium. The ob­
served specificity of adsorbent and slow rate adsorption in­
dicate that the phenomenon under consideration is chemlsorp­
tlon (or activated adsorption) in which definite bonds are 
Ih 
believed to exist between the adsorbate and the adsorbent. 
From this evidence for chemisorption it is assiamed 
that silica gel has the property of adsorbing a maxim-um 
nxjmber of molecules of solutes and solvent such that the 
sm of the number of molecules of adsorbates is always less 
than a certain constant. Expressing the concentration of 
adsorbates in gram-molecular-weights per gram of silica gel, 
the above statement may be expressed as an inequality, 
where yo is the maximum adsorptive capacity of the silica 
gel, 
yjj is the concentration of adsorbed hafnium, 
y2 is the concentration of adsorbed zirconium, 
yj^ is the concentration of adsorbed methanol, 
yj is the concentration of an adsorbed impurity, and 
y' is the concentration of vacant adsorption sites. 
Rates and equilibria. The rate of adsorption of hafni­
um varies jointly with the activity of hafnium in the so­
lution at the surface, and the molal surface unsat\iration, 
y', which may be expressed as 
yo > (1) 
or as an equality 
yo = + 72 + yM + yj + y' ( 2 )  
(3) 
where t is the time in hours from an arbitrary reference, 
ki is the adsorption rate constant for hafniiim, and 
ajj is the activity of hafnium in the solution at the 
surface. 
The rate of desorption of hafnium, assuming reversi­
bility, varies with the surface concentration of adsorbed 
hafnium, 
where ka is the desorption rate constant for hafnium, and 
the negative sign Indicates removal of hafnirm from the 
silica gel. The net rate of adsorption is the difference, 
which difference is zero at equilibrium, whence 
K„ = ^  = 4!L (6) 
H Icj y'aji 
where Kpj is the adsorption equilibrium constant for hafnium} 
the ratio of the adsorption rate constant to the desorption 
rate constant. Similar adsorption equilibrium constants may 





The equilibrium concentration of hafnium adsorbed on 
the surface of the silica gel may be expressed as 
/H ~ (10) 
and similarly for the other components, 
Yi = y'a2K2 (11) 
"2) 
which when substituted into Equation (2) for yo, results in 
yo = y' (1 + a^Kjj + a^K^ + a^^Kj^ + a^Kj) (1^) 
Combining Equation (1^) with Equation (10) gives, as the 
hafnium adsorption isotherm, 
yo^H% 
(l + aj^Kjj + a2K2 + + a^Kj) 
Similar equations may be vjritten for the equilibrlian concen­
tration of the other components adsorbed on the surface of 
the silica gel: 
17 
(1 + aj^Kjj + azKz + + ajKj) 
_ yo^M% 
» - (1 + a„Kj, + a^K^ + a„K^ + ajK^) 
yoajKi 
yj ' tr + a„% + 32X2 + a„K„ + a^Ki) <18) 
An activity coefficient, Y» may be defined as the ratio 
of activity, a, to concentration, X gram-aiolecular-weights 
per liter, so that 
a = yX (19) 
for any component. Making this transformation in Equation 
(15) leads to 
V = yoVH%% (20) 
y» (1 + yhVH + + Y„K^ + rjKjXj) 
for the hafnium isotherm in terms of concentrations. 
Similar equations may be written for the other components. 
yoYz^^z 
yz = U + YHKH^H + + YMKA + YiKjXi) (21) 
^ yoY^y^ ^ 
M~ (1 + YJJKjjXJJ + Yz^^X^ + YJ^^KJ^ + YJKJXJ) (22) 
18 
yoYiKjXj 
= (1 + YHVH + YzK^X^ + + YiK^Xj) (23) 
Experimental verification for this form of the equi-
lihriuin equation is indicated by tvo procedures; separation 
factor and distribution coefficient. 
The separation factor, Kq, is defined as the quotient 
of the hafnium to zirconiim weight ratio of the adsorbed 
phase and that of the solution phase, 
where Rq and Rg represent the weight ratio of hafnium per 
hundred parts of zirconium, on the gel and in the solution, 






"s - —ioc~ (26) 
where and are the molecular weights of hafnium and 
zirconium, respectively. Substituting Equations (20) and 
(21) into Equation (2^) produces. 
19 
^loorg^ 
which when substituted into Equation (2^) along v/ith 
Equation (26) predicts that 
.. • s 
Thus if the ratio of activity coefficients, ^  , is constant, 
YZ 
then the separation factor, Kq, should also be a constant. 
Baer (!•+) found that Kq = 1^ over a range of Rg from 0,28 to 
2.50. 
The distribution coefficient for zirconium, D^, is 
defined as the ratio of the zirconium concentration in so­
lution to that on the gel: 
Dz = ^  (29) 
Substituting Equation (21) into Equation (29) gives, as an 
expression for the distribution coefficient, 
1 1 
^ ^ ^  ^ ^  (30) 
^stltutlng Eqiiat.ions (2^-) and (28) combined 
Yz^z ° ~ % (31) 
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and 
% = ^z(Bi)(^) (26) 
into Equation (30) and rearranging, 
, , ^ ^  VmVM ^  ViVl Vz_U 
2 Vo \  100 Mjj / Z 
in which D^, is a linear f"unction of Xz. A f raph of D2 
plotted against the quantity, ^ 1 + would produce 
a straight line \irlth a slope of _1- and an intercept of 
Vo 
1 + YM%Xm X YT%^I 
^ K^yo these latter quantities may be 
considered constant. 
The maximum adsorptive capacity, yq, of the silica gel 
may he considered constant if the activation treatment of 
uniform quality gel is the same. The intercept may be con­
sidered constant since Xj^ is approximately 25 and changes 
very little with Xz which is approximately 1. 
Hansen (1) found that a solution containing impurities 
such as iron and titanium passed through a column packed 
v/lth silica gel without appreciable adsorption, so that Xj 
may be considered to be constant. Under these conditions 
It Is expected that the above-mentioned plot, if linear, 
would provide experimental verification of the proposed form 
of the equilibrium equation. 
21 
It is significant to note that the independent variable 
may be expanded so that 
which, for convenience, might be regarded as the "effective" 
zirconitmi concentration in solution. That is to say that 
the two independent solution concentrations, hafnium and zir­
conium, are combined in a particular manner, thereby elimi­
nating a degree of freedom, and the combined effect deter­
mines the distribution of zirconium. In essence then, the 
distribution of zirconium is a linear function of the effec­
tive solution concentration. In simpler systems, this is a 
well recognized procedure for correlating distribution data. 
Analysis of data. Referring to Baer's data (1^)(15) 
on the equilibrium measurements for methanol-washed gel, 
the value of Rq maybe correlated with R3 to determine the 
mean value of K© in accordance with Equation (2^-) from which 
but each experiment produces a different value of Kq due to 
experimental deviations of the values of Rg and Rq, Since 
the determination of Rq is more complicated than the determl 
nation of Rg, it is assumed that the experimental deviations 
are due solely to deviations in Rg> and are proportional to 
R{5, Under these- assumptions, the "model" for the value of 
RpM^ 
X2 = X2^KoXH (33) 
Rg = KqRS (3^) 
22 
Rq in the i-th experiment becomes 
(Rq)^ = (Ro) e^i (35) 
where Rg is the unknown, true value of the mass ratio of 
hafnium per hundred parts of zirconium on the gel, and €, 
the "error" whi^h causes the experimental deviation, is 
normally distributed, independently of RQ, about a mean 
value of zero v;ith a variance of The symbol, e, repre­
sents the base of natural logarithms. 
Substituting for Rg in Equation (35) its equivalent 
from Equation (3'-0, and taking natural logarithms of the 
result. 
In (Rg)i = In Ko + ln(Rs)i + (36) 
where R§, the unknown, true value of the ratio in the so­
lution has been replaced by its equal, (Rs)^, in accordance 
with the assumption that the deviations were caused only by 
the determination of (RQ)j^» A plot of (Rq)! versus (Rs)i 
on log-log graph paper would predict a linear correlation 
with a unit slope, a Kq intercept, and confidence (or error) 
limits represented by straight lines parallel to the re­
gression line. The appropriate mean value of Kq is that 
value which minimizes the sum of the squares of the values 
of in accordance with the principle of least squares. 
Thus, 
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s = g € J =  ^[ln(R(,)^ - In Ko - InCRs)^]^ (37) 
where S represents the indicated s"uin of squares, and the 
summation is for n sets of experimental data. The sum of 
squares will be a minimum when the derivative of S with 
respect to Kq is equal to zero. 
dS 
dKo = -2 ^[ln(R(,)j^ - In Ko - InCRg)^] = 0 (38) 
(39) 
from which may be written 
ln(RQ)j^ = n In Kq + ^  ln(Rs)j^ 
which when solved for Kq , gives 
Ko = antiln ~ InCRQ)^ - ^  ln(Rs)j, (M-O) 
which may be rearranged to show that 
Ko = antiln ^  ln(Ko)j (^1) 
where (Ko)j^ represents the calculated value of K© from the 
i-th experiment. The data of Baer (lM-)(15) and Jacobs (13) 
yield ^-0 values for (Ko)^ which give a mean value for Kq of 
13.18 and a 95 per cent confidence interval of 8.^2 to 20.66. 
2k 
Figure 1 illustrates the correlation of Rq and Rg in accord­
ance with Equation (36), showing the line for Kq = 13»18 
and the 9? per cent confidence limits. The circles enclosing 
the experimental points represent the five per cent probable 
limit of error for the spectrographic determination of Rg 
and RQ. 
The justification for including all ^ 0 data in determi­
ning the mean value of Kq is that an analysis of variance 
(16) indicates that there is no difference among the seven 
groups of data into which the whole may be conveniently 
divided, allowing only a five per cent probability for there 
being a difference. Table 1 summarizes the analysis of 
variance. 











of Mean Sqiaares 
Among Groups 6 67.13 11.19 (T^ + 5.57 (Tq' 
Within Groups 33 187.»+7 ^.68 
Total 39 2^^.60 — — — — 
Hypothesizing that there is no difference among groups im­
plies that C"q2 is zero, and that the mean squares 11.19 and 
5.68 are both estimates of (T^, the variance of the population 
25 
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Rs= Weight ratio of hafnium per hundred ports of 
zirconium, in solution. 
Fig.I Relative distribution of hafnium to zirconium. 
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from which the groups have been randomly drawn. The ratio 
of these mean squares, when compared to the tabulated values 
for a chosen level of significance either confirms or denies 
the original hypothesis. The experimental ratio, F = 1.97 
is less than the tabulated value, F = 2.39, for a 95 per 
cent confidence level. The ratio, F, may be as great as the 
tabulated value of 2.39 by chance alone, so that since the 
experimental ratio is v/ithin the tolerance range, the test 
indicates that the groups are the same, as measured by KQ, 
with a confidence of 95 per cent. 
In the preceding statistical analysis of the problem 
of determining Ko, it was found that the geometric mean of 
experimentally observed values of Kq should be used to 
calculate the mean value of KQ. The 95 per cent confidence 
limits indicate that although the available experimental 
data predict a mean value for Kq of 13»18, the experimental 
error was such that the probability is only 95 per cent 
that the interval 8.>+2 to 20.66 includes the true value of 
KQ. Before the mean KQ is calculated, the experimental data 
must be examined to determine that no value of Kq which is 
biased is included. Bias may be suspected when the subject 
value has an abnormally high deviation from the mean of 
values which are probably unbiased. The technique known as 
analysis of variance is used to test groups of values for 
b i a s .  I n  t h e  a b o v e  a p p l i c a t i o n  t h e r e  a r e  ^ 0  v a l u e s  o f  K q  
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which v;ere arranged in seven groups by Baer. Each of these 
groups represented a self-consistent set of measurements 
for Kq, but since technique and treatment may have varied 
from group to group, and thus introduced bias, the variance 
among groups was compared to the variance of samples within 
the same groups. It was found that the difference betvxeen 
these two variances was not significant at the 95 per cent 
confidence level. Since no bias was indicated, all of the 
^0 were included in computing the mean value of Kq. 
Visual inspection of Figure 1 confirms that the linear 
correlation is satisfactory, so that it may be concluded 
that within the range covered by these experiments, the 
separation factor (or relative distribution coefficient) is 
essentially constant. 
The data of Baer (1^)(15) are suitable for calculating 
the distribution coefficient of zirconium between the two 
phases. Equation (32) was derived in terms of molar concen­
trations. For practical use, mass concentrations are more 
convenient. The corresponding molecular weights are used to 
convert units and define mass concentrations: 
CsH = MjiXjj (^2) 
^SZ ~ (^3) 
^GH ^  ihh)  
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^Gz" %yz 
where Cgjj represents the concentration of hafnium in so­
lution, expressed as milligrams of hafnium per milliliter 
of solution; 632 represents the number of milligrams of 
zirconium per milliliter} Cqjj represents the concentration 
of hafnium in the adsorbed phase, expressed as milligrams 
of hafnium per gram of adsorbate-free gelj and Cq2; represents 
the number of milligrams of zirconium per gram of adsorbate-
free gel. 
Making the appropriate substitutions in Equation (32) 
for the distribution of zirconium, 
Z OGZ YZLTZYO YOL-^ + LOOMNIMG 
a more useful form is obtained such that the distribution 
coefficient for zirconium, D2J is equal to the ratio of C32 
to Cg2> and is a linear function of the effective solution 
concentration, Cq =(l + jcs2, where % has been re­
placed by its equivalent, Kq Rs j  which is more convenient# 
Figure 2 illustrates the correlation of the above-mentioned 
data in this manner. The numerical values for the slope and 
the intercept were determined by minimizing the sum of the 
squares of the deviations in D2) assuming that relatively 
no deviation resulted from the determination of the "effective" 
Correlation 
0.3603 + 0.007140 C 
fl + V,__ = C_ mgm. Zr s Effective zirconium 
^ o-ST concf centration 
Fig.2 Absolute distribution of zirconium. 
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solution concentration. The equation of the line is 
D2 = 0.3603 + 0.0071^-0 
where the factor, 1^.86, represents the value of the group 
100 Mh 
when Ko is taken as I3.I8. 
From Equation (H-7) for the distribution of zirconium, the 
distribution of hafnium may be calculated, since 
Xtj D7 
so that 
Dfj = 0.0273^ + 0.0005in7 ^ 1 + iq:^)csz (^9) 
which relates the distribution coefficient of hafnium to 
the "effective" solution concentration of zirconium. 
Solving Equation (>+7) for the concentration of zircon­
ium on the gel, 
Cqy 
CQZ = 7 ^ (50) 
0.3603 + 0.0071^0 ^ 1 + 1^7^)032 
and similarly for the hafnium concentration on the gel, 
CGH = ^ 
0.3603 + 0.007l»+0 (^1 + J Csz 
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which fulfills the stated objective of relating the concen­
tration of adsorbed hafnium, as the dependent variable, to 
the hafnium and zirconim concentrations in solution, as 
the independent variables. 
This rational correlation is substantiated by experi­
mental data, and enables reasonable predictions as to the 
equilibrium conditions under certain given circumstances of 
practical interest. For example, suppose it is desired to 
estimate the concentration of adsorbed hafnium in equilibri­
um v/ith a solution which is one molar in zirconium, and 
which contains 2.50 grams of hafnium per hundred grams of 
zirconium. The "effective" solution concentration may be 
calculated as 
and from Figure 2 or Equation (^-7) the distribution coef­
ficient for zirconium is found to be 1.120 grams per milli­
liter, The zirconium concentration on the gel is found by 
calculating 
C< 
_ SZ _ 91.22 _ m r- mRm. Zr 
Cgz - "dJ - lalo - "'gm. 
and the hafnium concentration on the gel is calculated by 
Equation (^D as follows: 
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Q _ (1^.18)(2.28) _ 26.8S^^2ltji£ 
0.3603 + o.oo7iifO ( 1 + iftlsj 
where the factor 2.28, is the hafnixun concentration in so­
lution, calculated from the product of the zirconium concen­
tration and the given ratio of hafnium to zirconivim, as 
follows: 
CsH = Csz (311)= (91.22)(0.0250) = 2.28 
A convenient check on arithmetical accuracy is avail­
able by calculating Kq from the four concentration terms. 
Thus, 
y _ ^GH^SZ . (26.8)(91.22) _ n. n/ 
° " ^1.^5(2.28)' - ^3.16 
which is a satisfactory check on the value of KQ. 
This estimate of the hafnium concentration on the gel 
may in turn be used to estimate the minimum quantity of gel 
required to remove all the hafnium from the given solution 
by countercurrent processing with an infinite number of 
stages. The quantity of hafnium in a liter of the solution 
is calculated to be 
(91.22 gm. Zr) 2.28 gm. Hf. 
The quantity of gel which can adsorb this much hafnium, under 
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these conditions, is calculated to be 
(2.28 pm, Hf)(1000 mpm./gmT), ^  ok q ^ 
(26.8 mgm.If/gm. gel) 
which is equivalent to 0,709 pounds of gel per gallon of 
solution. 
The zirconiiun yield from such a process may be calcu­
lated by considering the adsorbed zirconium as a loss. 
Taking a liter of solution as a basis, the calculated 85*0 
grams of gel would adsorb (8^.0)(0.0815) = 6.93 grams of 
zirconium from the 91.22 grams of zirconium supplied, so 
that the yield would be the difference between 91.22 and 
6.93» divided by 91.22, which may be expressed as 92.'+ per 
cent of the zirconium supplied. This figure should repre­
sent the maximum yield of zirconium. 
These sample calculations illustrate two ways in which 
the adsorption-equilibrium correlation may be used for the 
solution of equilibrium problems of practical interest. 
Rates of Adsorption of Hafnim and Zirconium 
The rate of adsorption of hafniim relative to zircon­
ium has been investigated by Hansen (11), Gunnar (17) and 
Baer (IV), They contacted a methanol solution of hafnium 
and zirconium tetrachlorides with freshly activated silica 
gel, and determined the concentrations of hafnium and zir­
conium for various times of contact. In general they 
3^+ 
observed that there was an initial, rapid reduction of the 
concentrations of both hafnium and zirconium, proportion­
ately more hafnium than zirconium beinj? removed from so­
lution. After approximately one hoi;tr, the rate of concen­
tration chanpie was. much smaller than the initial rate, but 
after approximately 30 hours, detectable changes were still 
taking place. 
A rational analysis of such data is complicated by the 
fact that the concentration of vacant adsorption sites 
(i.e. adsorptive capacity) is a time variable which cannot 
be directly measured. 
The following analysis of the kinetic behavior of a 
closed batch system is based upon Equations (5) and (6) 
modified for concentrations by Equation (19), such that 
fel - V k V' X - (c:o\ dt ~ (52) 
where % is the adsorption rate for hafnitmi. To avoid the 
difficult determination of short-time values of the concen­
tration of adsorbed hafnium, yjj, these values are calcu­
lated from a material balance from which 
ni = (53) 
where P is the volume of solution used, in liters, 
W is the weight of silica gel used, in grams, and 
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Xf£Q is the original concentration of hafniiim in the 
solution, a constant for a given batch. 
Equation (53) be differentiated v/ith respect to time 
and equated to Equation (52) such that 
f/^\ 
" W V dt / YHkny'% - (5^) 
Since the hafnium adsorption-equilibrium constant, Kjj, 
is unknovm. Equation (6) modified for concentration may be 
substituted into Equation (5^) so that 
F I _ 
' W 1 dt / ~ Yiikiiy' (Xh - W (55) 
v;here is the hypothetical solution concentration which 
would be in equilibrium with the adsorbed phase at any 
time, t. This hypothetical solution concentration is ini­
tially zero, varies v;ith time, and at equilibrium is the 
real solution concentration. Referrinj; to Equation (29), 
the equilibrium solution concentration may be expressed in 
terms of a distribution coefficient 
X' = (56) 
which when coiv.bined with Equation (53) gives 
(57) 
which may be substituted into Equation (55) to produce 
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i(9^)-rA,y. [XH-MSS^] 
Since the primary varia.bles are Xpj and t, these variables 
may be separated and rearranged so that 
where, by definition, 0 = y*/yo> and may be called the 
fractional adsorptive capacity. For any given batch test, 
the distribution coefficient, Djj, may be satisfactorily 
approximated by a constant, since it varies but little vrith 
the concentration changes generally encountered in these 
tests. The appropriate value for % is that v/hich corre­
sponds to the equilibrium conditions, such that 
where the asterisk denotes equilibrium values. The value 
of y|^ may be taken from Equation (53) and substituted into 
Equation (60) so that 
V^Ynkjiyoedt 
F (59) 




H P(Xh„ - Xit) 
which in turn may be substituted into Equation (59) to 
give, upon rearrangement, 
37 
I 1^1 \ 
x„ I x„ - XS 
•Ho V % - F 
(62)  
For the type of batch tests under consideration, v;hen 
t = 0, Xjj = , and Equation (62) may be integrated between 
this limit and the general condition where % corresponds 
to t. Under this condition, the integrated form of Equation 
(62) may be written 
in which the left-hand side of the equation contains only 
those quantities which may be experimentally measured, A 
graph of this function of measured quantities, plotted 
against time on log-log coordinate scales is illustrated by 
Figure 3. The values are calculated from the data of 
Gunnar (17). As the time variable, t, approaches zero, the 
fraction 9 approaches a constant value of one, and Equation 
(63) approaches as a limit 
from which, the value of the group (yj^k^yo) may be deter­
mined on Figure 3 as 50 milliliters per gram hour by the 
intersection of the dashed straight line with the one-hour 
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ordinate, in accordance with Equation (6^). 
Figure 3 includes data up to only four hours of con­
tact since beyond these times, large errors are produced 
by the fact that the solution concentrations differ from 
equilibriiom concentrations by amounts that are in the same 
order of magnitude as the experimental error. For example, 
in the four experiments used to construct Figure 3» the 
1.00 to values as low as 0»02 in four hours. At this point, 
an uncertainty of only five per cent in the determination 
of solution concentrations could change this value of 0.02 
to zero, which would give an awkward infinite value for 
Equation (63)» Five per cent \ancertainty for the determi­
nation of the concentration of these solutions is not \in-
reasonably high. 
The manner in which the fractional adsorptive capacity, 
0 decreases with increasing contact time may now be esti­
mated. Equation (63) may be rearranged so that 
which may be evaluated at several different times of contact 
from experimental data. A plot of this integral versus 
time may be graphically differentiated to produce values of 
fraction / / Xh - XjK \ decreased from the original value of 
M-0 
0 at various times of contact. The results of such a pro­
cedure are illustrated by Figure •+ which gives the variation 
of the fractional adsorptive capacity in relation to the 
corresponding time of contact. It is presumed that this 
curve levels off at some non-zero equilibrium value, 0*, 
but the available data do not permit any reasonable estimate 
to be made, due to the magnitude of the experimental errors 
involvcJ, 
The slj^nlficant feature of this analysis of the kinetic 
behavior is that the slow rate of attainment of equilibrium 
may be satisfactorily interpreted. The initial rate of ad­
sorption is fast because all the factors contributing to 
the rate in Equation (62) are their maximum values. How­
ever, within an hour, the adsorptive capacity has decreased 
to less than ten per cent of its initial value, and the 
difference between the solution concentration and the final 
solution concentration has also decreased to about ten per 
cent of its initial value, so that the rate at which hafnium 
is being adsorbed must decrease to about one per cent of Its 
initial value. Under these conditions it is evident that 
the rate quickly becomes very slow, and hence a long time 
Is required to adsorb enough hafnium to bring the system to 
equilibrium. 
Identical lines of reasoning and analysis of data were 
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Fig. 4 Typical variation ot fractional adsorptive capacity. 
h2 
the value of the group (yz^z^o^ estimated to be about 
0,^12 as great as the group (YH^yo)* such that Cyz^z^o^ 
equal to about 21 milliliters per gram hour. 
Except for the variation of 0 with time, which is evi­
dently quite complex, the previous analysis of kinetic be­
havior is based upon a rational approach. It has been 
demonstrated with experimental data that the proposed ki­
netic mechanism satisfactorily explains the observed facts. 
Continuous CoTintercurrent Adsorption Calculations 
The well-recognized principle of continuous counter-
current contacting of the two phases was employed so that 
the hafnium to zirconium ratio could be reduced to an arbi­
trarily low value in the product solution, and so that this 
purification could be effected with a reasonably large ratio 
of purified solutiori to consumed silica gel. The pilot 
plant adsorption column was designed for continuous operation 
to gain operational experience for application in the design 
of the semi-works plant. In the following pages, an equation 
is derived which relates column performance to the operating 
conditions. Good column performance means producing hafni-
um-free zirconium with a high yield of zirconium, 
A schematic drav/ing of the essential elements of the 
adsorption colixmn is given in Figure 5* A volumetric ma­
terial balance over the column results in 
if3 
dV 
Pq , gm.gel/liter displaced 
Activated Silica Gel 
W gm./hour P liters/hour 
XpH gm. moles Hf/liter 
Xp2 gm. moles Zr/liter 
Product Solution 
F liters/hour 
gm. moles Hf/ liter 
X2 gm. moles Zr/liter 
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q liters feed/gm. gel 
Used Silica Gel 
Fig. 5 Schematic diagram of adsorption column. 
Iflf 
F = P + qW (66)  
as Sliming that the specific volume of the silica gel is un-
chanf^ed through the column. A material balance of either 
hafnium or zirconium over the column section from the pro­
duct end to a general location, denoted on Figure 5 as "in 
process", leads to the relationship, 
which when combined with Equation (66) simplifies to give 
as the operating line for either component. Since these 
equations are equally applicable to any component, the sub­
scripts designating the component are not required at this 
point. 
Considering the differential element of column volume 
designated as dV in Figure 5) the concentrations of any com­
ponent in the solution and on the gel are designated as X 
and y respectively, at the top of this section. Inmiediately 
below this section, the corresponding concentrations are 
(X + dX) and (y + dy). A material balance around this sec­
tion, for any component, produces an equality in which 
FX = PXp + Wy + qlVX (67) 
y = £ (X - Xp) (68) 
PdX = Wdy = dn (69) 
^5 
where dn represents the differential rate of adsorption of 
the component from solution in the differential volume, dV. 
The dimensions of this rate, dn, are gram-moles per hour. 
From the previous investigation of the kinetic behavior, 
the net rate of adsorption from Equation (?) was combined 
with Equation (6) and the definition of Q, converted to 
concentrations by Equation (19), and since W > 
combined with Equation (69) to produce 
dn = Ykyoe(X - X')^gdV (70) 
where A represents the bulk density of the silica gel in 
the column, expressed in grams of silica gel per liter of 
bed volume. From the definition of the distribution coef­
ficient, 
X' = Dy (71) 
which may be substituted into Equation (70) and the result 
equated to Equation (69) to produce 
Wdy = Ykyo0(X - Dy) ^ gdV (72) 
When the expression for X for Equation (68) is substituted 
into Eqtiation (72), the result may be written 
dy />B(Ykyoe)dV 
W ^ \ w/ 
k6 
in v/hlch the adsorbate concentration is related principally 
to the volume of the silica gel bed in the coliunn. However, 
it is to be expected that both D and 9 vary throughout the 
coltunn. It is assumed that the other parameters remain con­
stant during the given operational period. 
The boundary conditions applied to Equation (73) are 
that when the silica gel bed volume, V, is zero, the adsorb-
ate concentration, y, is equal to zero; and when the silica 
gel bed volume is equal to Vq, the operating volume which 
produces a product solution concentration of Xp, the adsorb-
ate concentration is equal to y^j, as indicated on Figure 5» 
Before Equation (73) can be Integrated, the variation of 
both D and 0 must be taken into account. 
In Equation (73) It may be noted that the product of 
l^-Q and dV represents the mass of silica gel in the volume 
represented by dV. Since the gel is moving through this 
volume at the rate of W grams per hour, the time of contact 
of the silica gel within this volume may be represented by 
Substituting Equation (7^) into Equation (73) and indicating 
the Integration to be performed, 
i7k) 
yw 
PXp , / . DP\ 
w + y V ^ - irj 
= gdt (75) 
0 0 
h7 
for which the boundary conditions on t are; as y varies 
from zero to yy, t varies from zero to > which is 
designated as to, the time required to fill the volume Vq, 
to a bulk density of A at the rate W. If the distribution 
coefficient, D, may be represented by a constant, Equation 
(75) could be integrated to give 
pto 
V/ •- J ^ JQ 
where D' represents the constant which may be regarded as 
the effective value of D such that the integration is valid. 
This constant, D', may be formally defined so that 
r dz ^ 1 inri+/l . DlPWyw] ,70. 
0 
which when equated to Equation (75) produces Equation (76) 
as a direct consequence of the definition of D' in Equation 
(77). Equation (76) may be regarded as a working equation 
to be used for correlating data, or for making predicitions 
of column performance X'/hen the values of the operating pa­
rameters are known. 
Equation (76) may be simplified. Applying Equation 
(68) to the terminal conditions of the column, 
Wy^ = PXp - PXp (78) 
kQ 
and if the fractional yield, Y, of any component is defined 
as the ratio 
Y = S (79) 
PXp 
then the fractional loss of that component would be 
1 -  Y = (80) 
and if the ratio of loss to yield is designated by B, for 
any component, then 
which is seen to be a term in Equation (76). Furthermore, 
by analogy to the absorption factor used by Souder and 
Brown (18), an adsorption factor may be defined by 
A= ^ (82) 
Also, from the definition of the number of transfer units 
,Xp 
N = \ (83) 
Xp 




which v/hen substituted into Equation (83) produces 
(85) 
0 
which is seen to be identical with the right-hand side of 
Equation (76). Substituting Equation (81) and (82) into 
Equation (76) and equating to Equation (85) 
which is a simplified version of Equation (76). It is es­
pecially helpful to note that the quantities designated by 
B, A, and N are diinensionless for consistent units, and 
either mass or molecular concentrations may be used. 
The factor B, defined in Equation (81), may be de­
termined by the usually tedious procedure of making a ma­
terial balance of the component under consideration from 
experimentally determined flovj rates and concentrations of 
all process streams and inventories. The following pro­
cedure which is recoiraiiended for the computation of B is 
based upon the idea of making the material balance in a 
generalized fashion and showing that B is a function only 




of hafnium per hundred parts of zirconium in the sample. 
Taking as a basis for the material balance, 100 parts 
(by weight) of zirconium fed to the bottom of the adsorption 
column, in excess of that amount leaving the column on the 
gel as unadsorbed solution, the accompanying quantity of 
hafnium would be Hp parts (by v;eight), where Rp is the ratio 
reported by spectrographic analysis. Of this 100 parts of 
zirconium, (IOOY2) parts would be found in the product stream, 
according to Equations (7d) and (79), and 100 (I-Y2;) parts 
would be adsorbed on the gel leaving the column. From the 
definition of Rp, the spectrographic analysis of the product 
stream sample, the product stream would contain RpY^ parts 
of hafnium, and the exit gel stream would have adsorbed the 
quantity (Rp - RpY2;) parts of hafnium. The results of this 
material balance are summarized in Table 2. 
Table 2. Material balance of hafnium and zirconium in 
continuous countercurrent adsorption column. 
Stream Hafnium Zirconitim (100)(Hf/Zr) 
Feed Rp 100 Rp 
Prodxict % 
Gel Rp-RpY^ 100 (I-Y2) Rq 
(Note: Based upon 100 parts by weight of zirconium in net 
feed) 
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Thus, the results of a material balance for either hafnliam 
or zirconium may be expressed In terms of the spectrographlc 
analysis of the samples from the three streams connected to 
the column: feed, Rpj product, Rpj and gel, RqJ The quanti­
ties of each component adsorbed on the gel were tabulated 
by difference, and since their ratio Is determined by 
analysis, 
100 lOOCl-Yg) 
which when solved for Yg produces 
Rp Rp 
'tz = (88) 
and from Equations (81) and (88) 
Rp — Rp 
(89) 
so that B2 may be computed directly from the analysis of 
samples from the streams without computing a formal material 
balance each time. Similarly, it may be derived that 
% = /%(% - Rp) 
-ST I.Rp(SG -
and both and Bg may be conveniently computed directly 
from the appropriate analyses of the product streams. The 
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asstunption of steady-state operation is required here just 
as in any material balance# 
Equation (88) may be used to determine the maximum 
yield of zirconium in a column of infinite stages such that 
Rp = 0 and R(j = KoRp, from which 
% • 
in agreement with the maximum yield computed from equili­
brium considerations# 
To use Equation (86) to determine the various constants 
from experimental data, It is observed that since the pre­
vious analysis of kinetic behavior predicted that 
^Z^Z" Ygkjj (92) 
then from Equation (85) it may be shown that 
N2 = OA12 Njj (93) 
Furthermore, from Equations (^-8) and (82) it may be shown 
that 
A2 = KoAjj (9lf) 
so that with values of B2, %, (W/P), and to calculated 
from experimental measurements, the constants of Equation 
(86) may be determined. The following example will demon­
strate the procedure. First it must be noted that when B2 
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is less than one (i.e. Yg greater than 0,50) and when N2 
is greater than one, as would be the case for a practical 
column, the quantity Ag is estimated from and Equation 
(86) by assuming that Ng is infinite, since A2 is very in­
sensitive to large changes of N2 in this range, A later 
computation will demonstrate the validity of this assumption. 
In order that N2 may be Infinite, the term in the brackets 
of Equation (86) must be set equal to zero, from which A2 is 
found to be 
Az = 14^ (95) 
so that A2 may be computed directly from B2, Assume that 
the following data were derived from an experimental column 
run: 
Rp = 2.M-0 
Rp = 0.010 
Rq = 18.8 
P = 0.500 gallon per hour 
fs = 5.11 pounds per gallon 
Vo = 2H-. 5 gallons 
W = 1.00 pound per hour 
1. The loss: yield ratios are calculated from Equations 
(89) and (90) 
•R — ~ o> oio „ rt -11, ^  
~ 18.8 - 2.h0 " 
B - .(.Q* j-^ 6) (18»8), _ 27lf 
CH (0.010) 
The adsorption factors are computed from Equations 
(95) and (9*+) 
A = = 7.8? 
Z 0,lif6 
ifill = 0-595 
The number of hafniiam transfer units is calculated 
from Equation (86) 
% = 1 In 1 + (l-0.595)(27lf) = 11.7 
(1-0.595) 
The number of zirconium transfer units is computed 
from Equation (93) 
N2 = (0.lfl2)(ll,7) = ^.80 
Equation (86) may be solved for B in terms of A 
and N to produce 
, _ -N(A-l) 
B =  ^  (96) 
which may be used to compute a value of from 
Ag and Ng to check against the true value of B2# 
A check validates the assumption used to determine 
A2« The check comiputation gives 
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= TTBFT = 
which agrees well with the previous value. The 
check will agree to within one-tenth per cent when 
the magnitude of NzCAg-l) is greater than sevenj 
in the present case the magnitude of N2(A2-1) is 
about 33. 
6. Equations (85) snd (92) are used to calculate 
to 




Yykr^yo \ 0dt = (0.'+12) (5*83) = 2.^0 gallons per 
J pound 
0 
7. From Equation (82) may be calculated 
D'2 = ^^"*'(0^500)^'^ ~ 15*7 pounds per gallon 
D'jj = " 1«19 pounds per gallon 
8. The gel hold-up time, toj may be calculated from 
its definition, 
to ^ hoiirs 
9. The zirconium yield may be computed from Equation 
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(88) to be 
= 0-873 
Equation (81) produces, for the hafnium yield, 
% = r?  ^= 
The results of this example are summarized in 
Table 3* 
Table 3* Summary of adsorption column computations. 
Parameter Hafnium value Zirconium value 
B 27^ 0.1»+6 




ykyo I Qdt 5.83 gal./lb. 2.^-0 gal./lb. 
0 
D« 1.19 lb./gal. 15.7 lb./gal. 
Y 0.0036Jf 0.873 
This set of sample computations illustrates the pro­
cedure by which the desired parameters may be calculated 
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from observed data from an experimental adsorption ooltunn. 
Description of Present Pilot Plant and 
Evaluation of Data 
The layout of the pilot plant which was used to demon­
strate the feasibility of continuous separation of hafnim 
from zirconium by adsorption is Illustrated in Figure 6. 
The equipment was set up in the northeast corner of the 
Metallurgy Building where rectangular openings in the floors 
permitted vertical construction as shovm. 
The equipment included facilities for making the feed 
solution by dissolving zirconium tetrachloride (containing 
hafnium tetrachloride) in methanol, for storing and metering 
this feed solution to the adsorption column, for collecting 
the effluent solution and recovering the methanol by evapor­
ation, for dissolving the zirconium evaporation-residue in 
water and storing the aqueous solution for further process­
ing, for metering activated silica gel to the adsorption 
colmnn, for collecting the used silica gel for recovery, and 
various auxiliary items to complement the major equipment. 
Equipment. The feed make-up reactor (A, in Figure 6.) 
was a 50-gallon, glass lined steel tank. The feed solution 
was metered to the adsorption colimn through a rotameter 
with a tantalum float, and controlled by an adjustable screw 
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Feed make-up reactor 
Feed storage tank 
Adsorption column 
Product carboy 





Aqueous solution storage tank 
Silica gel hopper and feeder 
Receiver for used silica gel 
Portable tank for used gel 
Carboy for excess feed solution 
Fig. 6 Pilot plant for continuous hafnium adsorption 
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clamp on a flexible tube. The adsorption column (C) was 
made from six-inch, conical flanged "Pyrex" brand glass 
pipe, and is described in more detail below. The production 
solution was collected in 12-gallon carboys (D) on a weigh 
scale (E). The methanol evaporator consisted of a 50-g2Lllon 
boiler (F), Identical to the feed make-up reactor, a conden­
ser (G) of Jacketed glass lined pipe, and a 50-gsllon» glass 
lined receiver (H), The aqueous zirconium solution was 
stored In a 300-gallon vertical glass lined storage tank (I). 
The silica gel metering feeder (J) consisted of a small 
screw conveyer, made from pipe fittings and a wood auger, 
driven by an electric motor with a variable speed drive, 
with a hopper mounted above, all mounted on a weigh scale. 
The used silica gel was collected in a 10-gallon, glass 
lined steel tank (K) elevated on extended legs. The used 
silica gel subsequently was sltirrled into a 10-gallon glass 
lined steel tank (L) with an open top, on wheels, for trans­
port to the recovery process. The excess solution was re­
moved from the slurry into a carboy (M) by suction, for re­
cycling as feed solution. 
The aixillary items consisted of a gas-fired furnace 
fitted with trays to activate batches of silica gel as re­
quired, a hydrometer Jar and hydrometer located in the pro­
duct solution line to determine the specific gravity of the 
product solution, a graduated cylinder and a stop watch for 
r  - - -
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periodically determining the product flow rate, a static leg 
in the feed line between the flow control clamp and the ad­
sorption coliMin to measure the head loss through the column, 
and other laboratory tools as required for sampling and 
analysis of process streams. The liquid transfer lines were 
made of "Saran" plastic pipe and tubing. 
Adsorption column. As mentioned above, the adsorption 
column was constructed of six-inch glass pipe; one five-
foot length surmounted by a glass pipe tee having a one-inch 
side outlet through which the product solution overflowed. 
Figure 7 Illustrates in greater detail the construction of 
the adsorption column. The feed solution flowed by gravity 
from the storage tank through a shut-off valve (A, in Figure 
7) and a rotameter (B) with a tantalum float. An adjustable 
screw clamp (C) on the flexible tube was used to control the 
rate of flow of the feed solution through the rotameter. 
The static pressure of the feed solution entering the 
adsorption column was determined by the height to which the 
liquid level rose in the static leg (D). The feed solution 
passed through a tee to enter the adsorption column, at the 
bottom, through a distributor. The solution flowed up 
through the bed of silica gel (E) and overflowed through the 
one-Inch outlet of a six-inch tee (F) which formed the upper 






A-Feed shut-off valve 
B - Feed rotameter 
C-Feed adjustable clamp 
D-Static head manometer 
E - Adsorbent bed 
F- Glass tee 
G - Hydrometer jar 
H - Gel feed tube 
I - Diaphragm valve 
J - Orifice plate 
K - Pipe to gel receiver 
L- Agitator shaft 
M- Motor 
N- Clutch 
0 - Ball bearings 
P - Flange coupling 
Fig.7 Construction details of adsorption column, 
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hydrometer Jar (G), and then overflowed to a 12-gallon car­
boy for collection. 
The activated silica gel was metered into a tube (H) 
which deposited the gel in the upper part of the adsorption 
column. The silica gel in the coliimn gradually moved down­
ward and left the column through a diaphragm valve (I) and 
an orifice plate (J) which regulated the rate of flow of 
the gel. The bed of silica gel continued to be dense down 
to the orifice plate, through which the gel fell freely into 
the pipe (K) connected to the gel receiver. As the particles 
of wet silica gel fell through the orifice, they displaced 
an equal volume of solution from the previously filled re­
ceiver, upward into the column. This solution mixed with 
the primary feed solution entering the column through the 
distributor, and was designated as secondary feed solution. 
When the receiver was nearly filled with silica gel, 
the diaphragm valve (I) was closed to isolate the receiver 
from the column so that the receiver could be emptied of 
the silica gel slurry and re-filled with feed solution from 
the storage tank. It was found that the emptying and re­
filling could be performed simultaneously, thereby hastening 
the operation so that the isolation valve (I) could be re­
opened sooner. 
Preliminary experiments indicated that the air which 
entered the adsorption bed, entrapped in the capillary pores 
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of the activated silica gel, moved downward with the gel and 
finally agglomerated Into "bubbles of sufficient size to 
cause mechanical disruptions such as channelling when their 
bouyancy was great enough to cause them to rise to the sur­
face and escape. Occasionally these air bubbles would cause 
a complete separation of the adsorption bed by a horizontal 
zone of air which extended from wall to wall v/ithin the 
coliamn. These effects were accentuated at 1 ' ,'her liquid 
rates. 
To eliminate this disrupting influence, an agitator was 
installed which facilitated the agglomeration and release 
of these air bubbles in the upper part of the adsorption bed. 
The agitator shaft consisted of a three-quarter-inch 
nominal diameter. Schedule 80, "Saran" plastic pipe (L) lo­
cated concentrically in the adsorption column. Radial 
splines of one-eighth-inch diameter "Hastelloy - C" uncoated 
welding rods were press-fitted into holes drilled in the 
plastic shaft. Five such splines were located in the upper 
part of the adsorption bed, spaced at eight inches apart 
measured axially along the shaft. The agitator was driven 
at 30 revolutions per minute by a one-quarter horsepower 
electric motor with an integral speed reducer (M). A 
friction clutch (N) was provided to facilitate starting the 
agitator after shut-down periods when the adsorption bed 
was more dense. A pair of ball bearings (0) and a rigid 
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flange-type coupling (P) completed the mechanical components 
of the agitator. 
Operating procedure. The feed solution was prepared in 
the ?0-gallon reactor by putting 90 pounds of the powdered 
crude zirconium tetrachloride in the dry reactor, and turn­
ing on the agitator and cooling water to the Jacket, Metha­
nol was then added, slowly at first, since there was much 
heat given off. When ^ 5 gallons of methanol had been added, 
and the solution had cooled, the resulting ^•6,5 gallons of 
feed solution were transferred to the storage tank by means 
of air pressure. Additional batches of feed solution were 
made up as required. 
The gel receiver was filled with feed solution, and 
air removed. Initially, this was accomplished simply by 
opening the valve between the feed tank and the receiver 
tank, and venting the air through the diaphragm valve to 
the empty coliamn. During experimental work, the gel re­
ceiver always contained either the accumulated gel slurry 
discharged from the column, or the feed solution from the 
feed tank which was permitted to flow in while the slurry 
was being drained out through the bottom valve. 
During regular operation, the gel slurry was drained 
out once every 2h hours, and the receiver was simultaneously 
filled with feed solution while the diaphragm valve was 
closed to isolate the column from this operation. As soon 
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as the silica gel sliirry had drained out of the receiver, 
the valve to the feed tank was closed, and the valve to the 
column was opened - an elapsed time of about fifteen minutes. 
The activated silica gel was purchased as "commercially 
activated", which contained about five per cent volatile 
matter (presumably water), and required further activation 
by heat. Batches of 100 pounds each were activated in shal­
low trays in a pas fired furnace. Satisfactory activation 
was achieved in l6 hours when starting with a cold furnace, 
end the air temperature controlled at between 275 to 325 
degrees centigrade. Portions of this gel, as required, were 
put into the hopper which supplied the screw-conveyor meter­
ing feeder. 
If there were no adsorbent bed in the column, such as 
when a new column is put into use, additional silica gel 
was required to form the bed. The new bed was easily made 
by filling the column halfway with methanol, and ladling 
activated silica gel into the top of the column. (Caution.' 
Excellent ventilation and adequate precautions are required 
to avoid silicosis and methanol poisoning.) Since the heat 
of wetting the silica gel caused the methanol to boil, this 
procedure was done carefully and rather slowly. When the 
bed had been formed to its desired height, the agitator was 
turned on to settle the bed, and more gel was added to the 
correct height. 
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The usual case was that the bed in the column at the 
end of a previous experiment was used to start the subse­
quent rtm. Since steady-state operation was desired, the 
initial bed conditions would have no effect upon the final 
results. In either case an adsorbent bed was present before 
operations ensued. 
When the feed tank and pel receiver v;ere filled with 
feed, and the gel-feeder hopper and the colturin were filled 
with gel, the process was started by opening the feed line 
to the rotameter, adjusting the flow rate to the desired 
value, and opening the diaphragm valve at the bottom of the 
column and starting and adjusting the silica gel feeder. 
The agitator was then started by turning on the motor 
with the clutch disengaged, then slipping the clutch to 
avoid possible destructive shocks to the plastic agitator 
shaft until a smooth rotation was evident at which time the 
clutch was fully engaged - as in starting an automobile. 
The feed solution was then flowing by gravity through 
the rotameter and control valve, through the adsorbent bed, 
through the hydrometer jar and into the collection carboy. 
The activated silica gel was then being discharged from the 
feeder to the top of the column, moving dov/nward through the 
column, and discharging through the orifice into the gel re­
ceiver. The countercurrent flow of the two phases was thus 
established. Continuous operation of the adsorption was 
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accomplished by maintaining adequate supplies in the feed 
tank and in the silica gel hopper, and by emptying the gel 
receiver as quickly as possible when nearly full. 
Steady-state operation v/as achieved by close supervision 
and recording of all process variables by scheduled operators 
for the 120-hour duration of the run. Steady-state operation 
was verified by the fact that analyses of process streams 
became constant after an initial transient period. The length 
of time required for the transient effect to become negli­
gible varied from three days to more than five days, de­
pending upon the operating flow rates. In general, higher 
flow rates resulted in a shorter transient effect, as might 
be expected. 
In order to translate the performance of a real process 
such as was operated into the terms and symbols of the sche­
matic diagram of Figure 5 so that Equation (86) may be ap­
plied, data must be available to indicate that steady-state 
operation was achieved, and analyses and flow rates of the 
process streams must be available which represent the re­
sults of such steady-state operation. The following data 
were recorded every hour for the duration of the experi­
mental run: (a) gross weight of carboy and product solution 
on the weigh scale; (b) specific gravity of the product so­
lution; (c) flow rate of the product solution; (d) height 
of adsorbent bed in the column; (e) static head of the feed 
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solution entering the adsorption coliamnj (f) the speed of 
the gel feederJ and (g) the rotameter scale reading. Every 
four hours the volume of feed remaining in the feed tank 
and the weight of activated silica gel remaining in the 
feeder hopper were recorded. Every 2h hours, samples were 
taken of the feed solution, product solution, and of the 
gel-solution slurry between the bottom of the column and the 
diaphragm valve. When the gel slurry was drained from the 
gel receiver, a sample of this slurry was taken, and the 
change in the feed tank supply was recorded. Furthermore, 
whenever new feed or new gel was added to the respective 
supply container, the change In supply was recorded. 
The two gel-solution slurry samples which were taken 
were separated by decantation of the liquid, after which the 
wet gel was quickly washed several times with methanol. 
Usually the washings were discarded. These samples were 
then chemically processed for analysis, Aliquots of each 
liquid sample were diluted with water, and made basic with 
concentrated ammonium hydroxide which precipitated the hy­
droxides of hafnium and zirconium. The precipitate was 
filtered and washed with water, dried, and subsequently ig­
nited to form the oxides of hafnium and zirconium, which 
were weighed and recorded in terms of the number of grams 
of oxide weight per liter of sample. These mixed oxides 
were then submitted to the spectroscopist for the determi-
I 
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nation of the relative proportions of hafnium and zirconium, 
reported as the weight ratio of hafnium per hundred parts of 
zirconium# 
The methanol-washed gel samples were contacted four 
times, for four hours each, with seven normal aqueous sul­
furic acid to desorb all the hafnium and zirconium. These 
acid solutions were made basic with concentrated ammonium 
hydroxide, filtered, washed, dried, ignited, and weighed 
like the liquid sample precipitates. The resid\ial silica 
gel was washed dried, and weighed, and the oxide weights 
were recorded in terms of the niimber of milligrams of oxide 
weight per gram of adsorbate-free silica gel. These mixed 
oxides were also analyzed for the relative proportions of 
hafnium and zirconium. 
The activated silica gel was tested, in the later runs, 
for activity by measuring the heat of complete wetting and 
the amount of loss on ignition. The heat of wetting gener­
ally ranged from 30 'to 33 calories per gram of sample gel, 
and the weight loss on Ignition generally ranged from three 
to four per cent of the sample weight. 
It Is evident that many of the recorded data were taken 
merely to determine that steady-state operation was attained. 
The average product solution rate was determined by dividing 
the net weight of the collected product solution by the dur­
ation of the run and by the average density of the product 
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solution. A plot of cumulative net product volume versus 
time which was linear with small deviations Indicated steady-
state operation of the liquid flow rate. The average silica 
gel rate was determined by dividing the net weight of silica 
gel supplied to the feeder-hopper by the duration of the run. 
Steady-state operation of the silica gel feed rate was indi­
cated by a plot of cumulative net gel weight versus time 
which was linear with small deviations. The averaged volume 
of the adsorbent bed was determined by the physical dimen­
sions of the column and the average height of the adsorbent 
bed during the rtin. 
The skill of the operators determined to some extent 
the constancy of the various operating conditions, but it 
was generally found that no great trouble was experienced 
In maintaining satisfactory stability of operation. 
Using good operational techniques to maintain the con­
stancy of independent operational variables, the attainment 
of steady-state operation is a matter of time until the 
transient effects become negligible. All runs were scheduled 
for 120 hours of continuous operation, beginning on a Monday 
morning and ending the following Saturday morning. This 
schedule provided enough time to reach steady-state if no 
disruptions occurred, and avoided the necessity of scheduling 
shift work over the weekend. 
Ten separate rxans were started to determine the effects 
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of various operating conditions. 
Riin nijmber one. Run number one was shut down after 76 
hours of operation because the adsorbent bed was accldently 
disrupted, A large surge of liquid went into the column 
from the gel receiver due to the fact that the Isolation 
valve was not completely closed before the valve to the feed 
tank was opened to begin draining out the gel slurry. Since 
steady-state operations had not been achieved, this run con­
tributed no useful data. 
Run number two. This rvin was shut down after 30 hours 
of operation when the silica gel metering feeder Jammed be­
yond immediate repair. This run did not reach steady-state 
either. The design of the gel feeder was changed, and over 
one thousand hours of operation were achieved with one 
feeder of the newer design without jamming. 
Run number three. The third run was successful. 
Run number four. This run represented an attempt to 
duplicate run number three, and was also successful. These 
two runs provided a set of "nominal operating conditions" 
which were used as a basis for planning further runs. The 
nominal operating conditions were one pound of gel per hour 
and one-third of one gallon of product solution per hour. 
The operating conditions and performance results are given 
in Table following this brief qualitative description of 
the experiments. 
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Rvin number five. The next run deviated from the nomi­
nal operating conditions with operation at approximately 50 
per cent higher product flow rate, with all other operating 
conditions maintained approximately as before. Runs num­
bered one through five, inclusive, were made with no agita­
tor in the adsorbent bed. 
Run number six. The first use of an agitator was at­
tempted in this r\m, and had to be shut down after 15 hours 
of operation because the agitator failed. This first agi­
tator differed from the one described above. It consisted 
of a longer, solid steel shaft and, splines of "Hastelloy-C", 
painted with several coats of "Tygon" brand paint. This 
protective coating failed by both abrasion and blistering, 
which permitted corrosion of the base metal. The agitator 
was redesigned and made with a shaft of plastic pipe as de­
scribed above, and about five hundred hours of operation 
were achieved without further agitator failure. 
Run number seven. The first run with the new agitator, 
differed from the nominal standard operating conditions in 
that the product rate was about half that of the standard, 
but this run did not reach steady-state operation. The low 
low flo-u ..'hich was used would probably require a longer 
time for the transient effect of the Initial conditions to 
become negligible. Since the flow rate was about half that 
of the standard, it would take about twice as long to reach 
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steady-state conditions. To avoid necessity for making runs 
of longer duration than 120 hours, this low flow rate was 
not repeated. This decision may be further justified in 
the light of production capacity. Reducing the relative 
flow rate to one-half also reduces the relative rate of pro­
duction to one-half. Since it is desirable from this view­
point to use higher flow rates, no further runs were planned 
at flow rates less than the nominal standard. 
Run number eight. This rim represented an attempt to 
determine the effect of the agitator on the performance of 
the column when operated at the nominal operating conditions. 
However, analysis of the silica gel disclosed that the vol­
atile content was higher than it should have been for good 
performance. This run was continued to determine the effect 
of this poorly activated gel on column performance. The 
performance was definitely poor and was not attributable to 
any operational technique, nor to the agitator. This run 
showed that definitely poorer separation was attained with 
improperly activated gel. 
Run nimber nine. Economic considerations make it de­
sirable to recover and re-use the used silica gel. Research 
on this important phase of the work was performed by R, H, 
Maitland, of the Ames Laboratory, who in conjunction with 
his research supplied enough recovered silica gel for run 
number nine. Approximately nominal operating conditions 
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were used, and the coliomn performance indicated that the 
recovered gel was as good If not better than new silica gel. 
This result Indicates that the silica gel may be reasonably 
expected to exhibit its desirable properties for several 
such cycles before losing its value. 
Run number ten. A higher product solution flow rate, 
and a lower silica gel flow rate than the nominal standard 
were used in this run. Some difficulty was experienced in 
maintaining the flow of gel from the colimn. The flow was 
intermittent, but a reasonably consistent average rate of 
gel flow was effective during the latter 70 per cent of the 
running time. 
The significant data from each run are given in Table 
Before these data can be analyzed in terms of Equation (86), 
Rp, the R-value of the mixture of primary and secondary 
feed must be estimated. This value was computed as a weight 
ed average of Rpp and Rps* the R-values of the primary feed 
and secondary feed solutions, respectively; the assigned 
weights being equal to the proportion of each feed in the 
mixture. 
It was estimated that the secondary feed rate, which 
depended primarily upon the silica gel feed rate, was 0,163 
gallon per pound of silica gel, A volumetric balance around 
the receiver during steady-state operation shows that the 
secondary feed rate is equal to the sum of three flow rates 
Table Simmiary of pilot plant operation and performance 
Run number 3^5 7 8 9 10 
Date started Mar. 5 Apr. 9 Apr. 23 June 1+ July 16 July 30 Aug. 20 
Duration, hr. 120 120 70 120 120 120 120 
Volume of bed, 
gal. 7.93 7.81 8.03 7.72 7.86 7.85 8.00 
Product rate, 
gal./hr. 0.3^0 0.335 0.508 0.170 0.286 0.301 0.¥f0 
Gel rate, 
Ib./hr, 0.905 1.058 0.880 0.620 1.330 1.29^ 0.660 
Primary feed rate 
0.lf9lf gal./hr. 0.311 0.306 0.150 0.26^ 0.268 0.if05 
Primary feed 
2.^ 2.^ sample, Rjpp 2.If 2.3 1.5 2.2 2.3 
Production sample 5 
Rp 0.05 0.05 0.32 0.12 0.06 0.009 0.35 
Gel sam.ple, RQ 13.0 11.2 15.0 13.0 •5.9 6.3 16.0 
Secondary feed 
sample, Rj.g 1.5 1.5 1.8 1.8 1.3 0.62 1.1+ 
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by displacement: the flow rate of the solid portion of the 
silica gelj the flow rate of the liquid in the pores of the 
silica gel J and the flov; rate of the liquid film surrounding 
each particle of silica gel* 
Measurements of the displacement of feed solution by 
silica gel indicated that the displacement density was about 
16 pounds per gallon, but when the time of contact was in­
creased to 12 hours, air was displaced from the pores of the 
silica gel such that the displacement density of the silica 
gel under column conditions was more nearly 25 pounds per 
gallon. The bulk density was 5*25 pounds per gallon. The 
displacement due to silica gel is thus 0,(A-0 gallon per 
pound. Since granular gel containing no more than 37 per 
cent water is free flowing, the maximtm pore volume may be 
estimated to be gallon per pound of silica gel. The 
film volume contribution cannot be deternilned directly be­
cause of the unknown thickness of the film. However, the 
total of pore volume and film was estimated by thoroughly 
wetting silica gel with a known volume of feed solution. 
After 12 hours, the excess was drained off and measured. 
The difference represented 0.123 gallon per pound of silica 
gel, and corresponds to the sum of the pore and film vol­
umes. The solid volume of the gel, 0.0^0 gallon per pound, 
added to the liquid carried with it, 0.123 gallon per pound, 
gives the sum, 0.163 gallon per pound as the estimated 
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secondary feed rate. 
Of Incidental interest is the fact that the apparent 
film thickness is about 30 microns since the gel has an ex­
terior surface of about 100 square feet per pound. 
Since the primary and secondary feed solution R-values 
are only slightly different, and since the primary feed rate 
was generally larger than 0,163 gallon per pound of silica 
gel, any error in estimating the magnitude of the secondary 
feed rate has a smaller effect on the weighted average of 
the value of Rp for the feed mixture at the bottom of the 
adsorption column. Table ^ sunmiarizes the calculations of 
The procedure illustrated above for calculating the 
various parameters was used to evaluate the data from the 
adsorption runs. The results of these computations are given 
in Table 6, 
The parameter, 0, v/hich appears in Table 6, is a mean 
value of the fractional adsorption capacity, and is defined 
by the relationship 
When the silica gel residence time, to, is significantly 
greater than four hours, 0 approaches 0* as a lower limit, 
and thus represents a nearly constant value which is suitable 
(97) 
Table 5« Values of Rp calculated from Rpp and Rps 
Run ntunber 3 ^ 5 7 8 9 10 
Distribution of feeds: 




Total feed rate, 
gal. At. 
Secondary feed 
rate, % of total 
Calculation of Rp: 
Contribution of 
0.311 0,306 0.if9M- 0.150 Q,26h 0.268 0.1+05 
0.11+8 0.172 O.llflf 0.101 0.217 0.211 0.108 
0.^59 0.if78 0.638 0.251 O.ifSl 0.h79 0.513 
32 36 23 J+0 1^5 khr 21 
Rpp to Rp 
Contribution of 
1.63 1.1+7 1.85 1.1+1+ 0.82 1. 23 1. 82 
RpS to Rp 0.1+8 o.5if 0.1+1 0.72 0.58 0, .27 0. 29 
Total; Rp 2.11 2.01 2.26 2.16 1.1+0 1. 50 2. 11 
Table 6» Parameters computed from experimental runs. 
Run number 3 5 Z B 2 i n 
w/p, lb./gal. 276S 3T16 1773 3.65 vr65 if.30 1750" 
B2 0.192 0.217 O.l^lf 0.188 0.298 O.3IO 0.127 
% >50 >lf8 7.22 20.1f 29.3 217 5-80 
Az 6.20 5.60 7.50 6.31 h.35 .^23 8.86 
AH 0.if70 0.^-25 0.569 0.^•79 0.330 0.321 0.673 
Dz 16.5 17.7 13.0 23.0 20.2 18.2 13.3 
% 1.25 1.3^ 0.99 1.75 1.53 1.38 1.01 
Nz >2.58 >2.^0 1.35 1.9lf 1.86 3.13 1.3^ 
% >6.25 >5.8^ 3.28 h,71 h,52 7.36 3.26 
Yz 0.839 0.823 0.866 0.8^ -1 0.770 0.76lf 0.888 
Yr >0.020 >0.020 0.122 0.0^+7 O.O33 0.00^6 0,lh7 
r° 
Yzkzyo \ edt, gal./lb.>0.970 >0.760 0.780 0.531 O.ifOO 0.728 0,89h 
K t o  
YH%yo (edt, gal./lb.>2.35 >1.85 1.90 1.29 0.97 1.71 2.17 
0 
^01 hr. ^^+.8 37.8 ^+6.6 63.6 30.2 31.0 62.0 
Yz^zyoS) gal./lb. hr. >0.0216 >0.0201 0.0167 O.OO83 O.OI32 O.O23V O.Ol^f^-
gal./lb. hr. >0.0525 >0.0^-90 0.0^-08 O.O2O3 0.0322 0.0552 O.O35O 
v£> 
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for correlation. The parameters which are expected to be 
constant are the distribution coefficient, D', and the ki­
netic p;roup ykyoQ# Naturally such parameters as the loss-
to-yield ratio, the adsorption factor, the number of trans­
fer units, and the adsorbent residence time were expected 
to vary with change in operating conditions. 
Since reasonable doubt as to the validity of runs num­
bered seven and eight has already been indicated, a statis­
tical t-test may be used to determine the significance of 
the deviations of the results calculated from the data of 
these runs from the mean of the results calculated from the 
remainder of the runs, A significant deviation will sub­
stantiate the suspicion that such results are biased. The 
mean value of D^, excluding runs numbered seven and eight, 
is 15.7 pounds per gallon. The standard deviation is 1,09 
pounds per gallon. The values of from runs numbered 
seven and eight deviate from the above mean value by more 
than 2,78 times the standard deviation. Such large devi­
ations have a probability of occurrence of less than two 
per cent, and hence are significant to the extent that the 
results of runs numbered seven and eight, as measured by D^, 
may be considered as biased, as previously suspected. 
Similarly, the mean value of excluding runs 
numbered seven and eight, is 0,0^65 gallon per pound-hour, 
the standard deviation of which is O.OO38 gallon per pound-
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hour. Again, the values of the parameter computed from the 
results of the suspect runs deviate from the mean of accept­
able values by more than 2.78 times the standard deviation. 
As before, these large deviations cannot be explained by 
chance variation alone, and it is concluded that the results 
of runs numbered seven and eight, as measured by the kinetic 
group above, are biased. Bias was suspected and found in 
these two runs, and no mean for any parameter v/as computed 
using the suspicious data. These data are recorded, how­
ever, as an indication of the results achieved from such 
operations. 
It is concluded, therefore, that the following tabu­
lation of mean values, in conjunction with the foregoing 
methods of analysis, represents a satisfactory correlation 
of the performance of the described pilot plant for the con­
tinuous separation of hafnium from zirconivun by adsorption. 
Table 7. Mean values of correlation parameters, 
Parameter Mean value Standard deviation 
15,7 lb,/gal, 1,09 lb,/gal. 
D' 1.19 lb./gal. 0.083 lb./gal, 
H 
Yz^zyo® 0,0192 gal./lb, hr, 0,0016 gal,/lb. hr. 
YH%yo0 0.01+65 gal./lb. hr. O.OO38 gal,/lb. hr. 
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It will be shown below how these mean values may be used 
to estimate the operating conditions which would be required 




The following application of the results of this re­
search will demonstrate the method by which current know­
ledge and experience may be used to design a semi-works 
plant. The plant capacity is arbitrarily set at one thousand 
pounds of hafnium-free zirconium metal-equivalent per month. 
Adsorption column calculations. The scale-up of facili­
ties other than the adsorption column is primarily concerned 
with materials handling problems. The adsorption col\imn 
may be successfully scaled up only by careful consideration 
of principles governing the separation of zirconium from 
hafnium in high yield. These principles;, as developed and 
correlated in the foregoing sections, are concisely repre­
sented by Equation (86), which may be modified for more con­
venient use as a design tool. 
By substituting the definitive equations for to and 0 
into Equation (86) 
N=(Ykyo0/®B) ^ ^ In 1 + (l-A)B (98) 
The niimber of transfer units is seen to be directly 
Vn 
proportional to , the ratio of the volume of the ad­
sorbent bed to the flow rate of the product stream. This 
8»+ 
ratio has the dimensions of time and represents the time 
required to fill the volume, Vq at the rate, P. The ratio 
may be recognized as a reciprocal space velocity. Thus, 
two adsorption colTunns which have the same ratio of bed vol­
ume to product rate, (Vq/P), would produce the same number 
of transfer •units. This ratio is, therefore, a significant 
factor in the scale-up calculations. 
Furthermore, the adsorption factor, A, is inversely 
proportional to the ratio of gel rate to product rate, (W/P), 
as shown by Equation (82). This ratio, too, is a signifi­
cant factor in the scale-up calculations. In fact, these 
two ratios completely specify the operating conditions of 
the column. This result can be foreseen by an examination 
of Equation (96) which shows that the loss-to-yield ratio, 
B, is dependent only upon the number of transfer imits, N, 
and the adsorption factor. A, and hence dependent only upon 
the two scale-up factors, ("Vq/P) (W/P), 
The following evaluation of the ratio, B, will further 
simplify the design calculations. Table 2 may be used to 
show that 
(99) 





where represents the fractional yield of zirconitiin. 
Combining Equations (99) and (100) 
which relates the factor Bjj directly to the purification ra­
tio, (Rp/Rp), and the gel-to-product ratio, (W/P), through 
the hafnium adsorption factor, Ajj, 
Substituting Equation (101) into Equation (98) 
- Vf> 1 KOAH(I-Atj) RT? 
% = (YH^Hyoe T 1-AH ^  + KqAH - 1 R^ 
Thus, for a given value of the purification ratio, (Rp/Rp), 
and the adsorption factor, Ah» as determined by the gel-to-
product ratio, (W/P), the value of the ratio (VQ/P) is fixed, 
as is the number of hafnium transfer units, Nji, For a fixed 
value of the purification ratio, Equation (102) uniquely re­
lates the number of hafnium transfer to the hafnium adsorp­
tion factor. 
Figure 8 is a graph of this relationship at several 
values of the purification ratio which are of interest. 
This graph is computed from Equation (102), and is independ­
ent of all experlrriental data except the separation factor, 
Kqo The ordinate is equal to the niomber of hafnium units 
and is proportioned to the ratio, (VQ/P). The abclssa is 
equal to the reciprocal of the hafnium adsorption factor. 
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Based upon KQ = 13.18 




Purification ratio,(p)= 50 
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0 
Reciprocal adsorption factor 
Fig. 8. Generalized relation among adsorbent bed 
volume,adsorbent feed rate,product solution 
rate,and purification ratio. 
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which is proportioned to the operating ratio, (W/P), 
Since experimental values have been determined for the 
proportionality constants, (y k YqQ ) and D'jj, the two im­
portant scale-up factors may be plotted directly for various 
degrees of purification. Figure 9 illu^itrates such a plot, 
relating the ratio, (Vq/P) expressed in hours, to the ratio, 
(W/P) expressed in pounds of gel per gallon of product, at 
three significant ratios of purification. 
Examination of Figure 9 Indicates that at the lower val 
ues of (W/P) the volume of the adsorbent bed increases rapid 
ly. Furthermore, at these low values of (W/P) the steepness 
of the curve indicates that the purification ratio is very 
sensitive to small changes in the (W/P) ratio. In practice, 
this indicates that unless highly precise flow controls are 
used to fix (W/P), the purification ratio will fluctuate 
between comparatively wide limits as the ratio (W/P) fluctu­
ates between comparatively narrow limits. 
Another practical consideration of operation at low 
values of (W/P) is that the location of the asymptate at 
which the ratio (VQ/P) becomes infinite, depends directly 
upon the apparent hafnium distribution coefficient, DjJ, 
which in turn is inversely proportional to the maximum ad-
sorptive capacity, yo, of the gel, as Indicated by Equations 
(^6) and (^8). Hence, in practice, the operation of an ad­
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Fig.9. Relation among scale-up factors and purification ratio. 
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be very sensitive to changes in the maximum adsorptive capa­
city of the silica gel. 
In general, then, it is desirable to avoid operations 
at extremely low values of (W/P) even though these may ap­
pear to be attractive to minimize chemical costs. Operation 
at about two pounds of silica gel per gallon of product 
should allow column operation without extreme sensitivity 
to flow rates and gel activation. Operation at lower values 
should be carefully considered in light of the above dis­
cussion. 
Equation (100) relates the zirconium yield, Y2, to the 
hafnium adsorption factor, Ajj, in an approximation based on 
Equation (95), which holds to within one-tenth of one per 
cent when the magnitude of N2(A2;-1) is greater than seven. 
Prom Equations (93) and (9^+), this criterion is equivalent 
to specifying that the magnitude of Njj(KoAjj-l) is greater 
than three. The curves drawn in Figure 9 easily satisfy 
this criterion. Within the ranges covered by the curves in 
Figures 8 and 9, Equation (100) will predict a satisfactor­
ily precise value for the zirconium yield. 
Figure 10 illustrates the relation between zirconiiM 
yield, Y2;, and the ratio, (W/P), as predicted by Equation 
(100), The points plotted thereon are from experimental 
results of pilot plant runs as given in Table 6, A^ain it 
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Operating ratio *(-^, pounds of gel per gallon of product. 
Fig. 10. Variation of zirconium yield with operating 
ratio,(W/P). 
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desirable, since Figure 10 shows that the higher yields of 
zirconium are thereby produced. 
According to Equation (87), a unique relationship ex­
ists among the zirconium yield and the R-values of the pro­
cess streams. This equation may be rearranged to show that 
Rf " 1-Yz CRF/RP) ^ 
When the purification ratio, (Rp/Rp), is very large compared 
to unity, the ratio, (RG/RF)> becomes related primarily to 
the zirconium yield, This interesting and useful re­
lationship is illustrated by Figure 11. 
An example of the use of Figure 11 might be to find the 
yield of zirconium which corresponds to a value of RQ equal 
to 19.3 when Rp is equal to 2.50 and Rp is equal to 0.010, 
which is 100 parts of hafnium per million parts of zirconiiun, 
(100 ppm,). Calculation of the purification ratio, 
Rp/Rp = 250, and the enrichment ratio, Rq/Rf = 7.7, indicate 
from Figure 11 that a zirconiian yield of 87 per cent must 
be attained to realize the specified enrichment of hafnium 
on the gel. Examination of Figure 10 indicates that an 
operating ratio, (W/P), of 2.05 poimds of silica gel per 
gallon of product solution should produce such a yield, and 
reference to Figure 9 indicates that the adsorbent bed vol­
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capacity of 2.50 gallons of product solution per hour, were 
called for the adsorbent bed volume would be 125 gallons, 
and the adsorbent feed rate would be 5*13 pounds per ho\ir. 
So, the operating conditions for the adsorbent coliamn 
are quickly calculated when the fundamental decisions of 
yield and purification have been maed,- The purification 
ratio is generally fixed by the raw material to be used for 
feed, and the desired purity of the zirconium product. Cur­
rent raw material and product specifications require a puri­
fication ratio of about 250. 
Semi-works plant column. To produce one thousand 
pounds of hafnium-free zirconium per month, several decisions 
of a somewhat arbitrary nature must be made. The first de­
cision determines the number of operating hours per month. 
Assuming an average of ^.35 weeks per month, 730 hours repre­
sent the maximum for continuous operation every day. How­
ever, due to the character of the local labor market, con­
tinuous operation for five days per week (i.e. Monday morning 
through Saturday morning) was chosen and corresponds to 5^0 
hours of operation per month. The product solution from a 
one molar feed solution should contain 0.7^ pound of zir­
conium per gallon. The flow rate of the product stream may 
be calculated to be 
(1000 lb./mo.) - -5 trn 
(5^0 hr./mo.)(0.7C Ib./gal,) " gal./hr. 
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Experience in operating the pilot plant has indicated 
that one-half gallon per hour was a satisfactory flow rate 
of product solution in the six-inch diameter column. Large 
flow rates increase the possibility of channelling. The 
one-half gallon per hour flow rate corresponds to a flow 
rate of 2.55 gallons per hour, per square foot of coltunn 
cross-sectional area. The total cross-sectional area re­
quired to handle 2,50 gallon per hour is, by division, 
0,980 square feet. 
For flexibility of operation, and to permit further 
experimentation, two adsorption colimns of different dia­
meters were chosen. The cross-sectional areas of a six-
inch diameter column and a 12-inch diameter coliann total 
0,980 square feet, providing the required cross-sectional 
area. The flow rate of product solution from each column 
is in proportion to its cross-sectional area: 0,50 gallon 
per hour for the smaller coltminj and 2,00 gallons per hour 
for the larger coltunn. Thus, the smaller column would pro­
duce 200 pounds per month, and the larger 800 pounds per 
month. 
For a constant ratio of (VQ/P) and a constant ratio of 
flow rate to coliamn cross sectional area, the quotient of 
these two ratios indicates that a constant column height is 
obtained. The height will depend upon the voliome of ad­
sorbent bed which in turn depends upon the purification 
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ratio and the operating ratio or the zirconium yield. As­
suming a purification ratio of 2^0 and an operating ratio of 
two pounds of gel per gallon of product, corresponding to a 
zirconium yield of about 87 per cent (Figure 10) and an en­
richment ratio of about 7.7 (Figure 11), the ratio, (Vo/P)> 
is found to be 50 hours from Figure 9. Hence the volume of 
the adsorbent bed for the larger column is the product of 
50 hours and two gallons per hour, or 100 gallons, and that 
of the smaller column is 25 gallons. The height of the ad­
sorbent beds in each column was calculated to be 17 feet. 
The required feed rate for silica gel was found from Figure 
10 to be 2.05 pounds per gallon of product, or 1.025 pounds 
per hour to the smaller column and ^-.10 pounds per hour to 
the larger coliimn. The essential features of the two ad­
sorption coliamns are listed in Table 8. 
Table 8. Summary of design calculations for adsorption 
columns. 
Column diameter 6 in. 12 in. 
Product flow rate 0. 50 gal./hr. 2. ,00 gal./hr. 
Adsorbent bed volume 25 gal. 100 gal. 
Adsorbent bed height 17 ft. 17 ft. 
Adsorbent feed rate 1. 025 Ib./hr. If. ,10 Ib./hr. 
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The receiving tank for the used silica gel should 
have a capacity such that it need be emptied only once 
every 2h hours. Since the silica g;el settles to a bulk 
density of about 5*25 pounds per gallon, the receiver for 
the six-inch colvunn should have a capacity of at least five 
gallons, and the one for the 12-inch column should have a 
capacity of at least 20 gallons. Smaller tanks may be con­
sidered, but more frequent emptying would be required. 
Auxiliary Equipment. The volume of feed solution re­
quired for 2^+ hours of operation is approximately equal to 
the volume of the product solution, or 60 gallons. A 50-
gallon reactor, such as was used in the pilot plant, can 
be used to produce about 50 gallons of feed solution every 
fotir hours, if necessary, A satisfactory schedule would 
be to make up a 50-ga-llon batch of feed solution every oper­
ating day and one or two extra 50-gallon batch every oper­
ating week, as required. 
The volume of the feed storage tank should be larger 
than that of the feed make-up tank for several reasons. The 
storage tank should serve as a reservoir to the extent that 
a batch of feed not made on schedule cannot disrupt the pro­
cess. Fiu'thermore, the partial blending of more than one 
batch of feed solution in the storage tank will tend to re­
duce the effect of slight variations in the composition of 
the individual batches of feed solution. The 100-gallon 
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storage tank used in the pilot plant could actually hold 
118 gallons, or almost enough for two days of continuous 
operation, A larger tank might be considered, since the 
tank described represents the minimum desirable capacity. 
The recovery of the methanol solvent from the product 
solution must be accomplished at an average rate of 60 gal­
lons per operating day, which if operated batchwise must 
allow sufficient time for charging and discharging the still, 
and heating and cooling, as well as the actual time re­
quired for the distillation. The still used in the pilot 
plant was capable of handling about ten gallons of product 
solution per hoiir. Operation of such a still for about six 
hours per operating day would be sufficient. 
The above discussion makes evident the fact that the 
productive capacity of the described pilot plant is limited 
by the capacity of the adsorption column. Given sufficient 
column capacity, the pilot plant capacity is limited to 
about ten gallons of product solution per hour, the equiv­
alent of four thousand pounds of Zirconium per month. The 
diameter of a single coliamn to handle this capacity would 
be about 27 inches, if the same purification ratio and zir­
conium yield were specified. An alternative to using a 
single coltimn as mentioned above to produce four thousand 
pounds of zirconium per month would be to use four twelve-
inch diameter columns, but this would entail duplication 
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of feed and gel metering devices, and tanks for receiving 
the used silica gel. The only apparent advantage to using 
four columns would be flexibility in that when demand was 
low, one or more columns could be shut down, or if one 
colxamn went "off stream" and accldently produced non-speci-
flcation product, the others might still operate "on stream". 
Single column production facilities should be avoided. 
All of the equipment required,for the semi-works plant 
is on hand with the singular exception of the larger dia­
meter adsorption column. 
Figure 12 illustrates the proposed layout for the semi-
works plant in the Research Building. 
The layout is arranged to utilize gravity flow of pro­
cess streams as much as practicable. The only major piece 
of equipment not on hand is the 12-inch diameter column, 
such items as the agitator assembly and the silica gel feeder 
are of special design, and would be fabricated in the Ames 
Laboratory shops. 
Figure 12 shows the equipment spread out for graphic 
representation, where in practice the items would be ar­
ranged in space somewhat differently. The process develop­
ment area of the Research Building, has removable grill work 
on the ground and first floors over an area measuring approx­
imately twenty feet by thirty feet, surrounded by permanent 












Fig. 12. Proposed layout for semi-works plant in Research Building. 

A Feed make-up reactor, Pfaudler 805-PB 
B Feed storage tank, Pfaudler XF-lOO 
C Rotameter, Tantalum float 
D Feed control valve 
E 6" diam. column, Pyrex pipe 
F 12" diam column,chemical stoneware 
G Hf-free storage tank,Pfaudler XF-lOO 
H Methanol evaporator assembly,PfaudlerIE T-I 
I Aqueous Zr storage tank,Glascote 8-300 
J Centrifugal pump, Nash Engineering l" 
K Filter press, Sperry 12" (hard rubber) 
L Crystallizer*,and Acetone-recovery evaporator 
Pfaudler JII T-l 
M Centrifuge, Fletcher 24" (Lithcoted) 
N Wash solution storage tank, Pfaudler XF-lOO 
0 Silica gel feeder 
P Silica gel receiver, Glasscote 000-20 
Q Portable tank, Glasscote 000-20 
R Agitator assembly 
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Most of the equipment could be located on the "balcony" 
floors, and the column and transfer lines between floors 
would be located in the area where the grill flooring 
could be removed as required. 
The compactness of the plant and the extensive use 
of standard, commercially available equipment are features 
of the design. Although the silica gel feeder, as illus­
trated, assxames a design locally developed and fabricated, 
commercial units are available which would serve as well. 
The floor area requirements for the equipment is esti 
mated to be about one thousand square feet. In terms of 
space requirements, ten thousand cubic feet should suffice 
Floor loadings should be considered to be one hundred 
pounds per square foot, live load. 
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Cost Analysis 
The following cost analysis Includes an estimate of 
the capital Investment and operating costs for a semi-works 
plant to produce one thousand pounds of hlgh-purlty zircon­
ium per month. The plant Is considered to Include facili­
ties for supplying the feed solution of zirconium tetra­
chloride in methanol, for separating hafniiom from zirconium 
by adsorption on silica gel, for recovering the silica gel 
and methanol, and for purifying the hafnium-free zirconim 
from common impurities by recrystallization. The product 
is taken to be crystalline zirconyl chloride octahydrate of 
high purity. 
The total cost of the facilities is itemized in Table 
9. The overhead on labor is taken as equal to direct labor 
for later comparison with similar estimates on the thio-
cyanate liquid-liquid extraction process. 
The cost of chemicals for hafnium separation are list­
ed in Table 10 and are estimated to be 1^.3^ 6 per potind of 
zirconium produced. 
The major cost is the zirconium tetrachloride raw ma­
terial, at 3^  cents per pound, averaging 38*2 per cent zir­
conium which contributes S/0.890 to the cost of a poixnd of 
zirconium entering the process. It is assumed that 20 per 
cent of the methanol handled is lost during processing. 
102 
Table 9. Cost estimate of semi-works plant facilities 
Item Estimated cost 
Feed solution system  ^ 3>000 
Adsorption system 3»500 
Methanol recovery system 6,^ 00 
Silica gel recovery and activation system 18,000 
Purification system 9,000 
Freight on equipment ^+,000 
Engineering and installation labor 10,000 
Contingencies 6.000 
Sub total $ 60,000 
Overhead on labor 10,000 
Total 0 70,000 
(5 year amortization by D.P.A, certificate of necessity.) 
Unit cost: 0 1,167 per lb, Zr produced. 
Table 10, Chemical costs for hafnium separation. 
Item Cost per lb, Zr handled, 
Zirconiim tetrachloride {S 0,890 
Methanol 0,05? 
Silica gel 0,126 
Chemicals for gel recovery 0.100 
0 1,171 
(Yield of zirconiim = 87^ ) 
Unit cost; 0 1,3^ +6 per lb. Zr produced. 
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Assiamlng that new methanol costs 35 cents per gallon, and 
that recovered methanol costs half of this value, the aver­
age price of the methanol used is 21 cents per gallon. 
Since a pound of zirconium requires I.3I gallons of methanol, 
the cost of the methanol consumed is (1,31)(21)(0»20) =5.5 
cents per pound of zirconium handled. 
Similarly, asstming that the average life of the silica 
gel is only five cycles, and that recovered gel costs half 
that of new gel (new gel costs 39 cents per pound), the 
average price of the gel used is 23.^  cents per pound. Since 
a pound of zirconium requires 2,7 pounds of silica gel, the 
cost of the gel used is (2,7)(23.'+)(1/5) = 12,6 cents per 
pound of zirconium handled. The chemicals for gel recovery, 
mainly sulfuric acid and ammonia, are estimated to contri­
bute no more than 10 cents per pound of zirconium handled. 
Table 11 itemizes the chemical costs for separation 
of zirconium from the common impurities by crystallizing 
zirconyl chloride octahydrate from a solution in hydro­
chloric acid, and washing with acetone. The quantity of 
hydrochloric acid is computed on the basis of supplying the 
total chlorine in the zirconyl chloride, even though only 
half of this amoxmt is usually required. The acetone cost 
is based upon the assumption that one gallon of acetone is 
handled for every 2.66 pounds of zirconium, and that ten 
per cent of the acetone is lost in the 
10J+ 
Table 11. Chemical costs for zirconium purification 
Item Cost per lb, Zr, handled. 
Acetone 
Hydrochloric acid 0 0.050 
0.022 
^ 0.072 
(Yield of zirconium = 98^ ) 
Unit cost; 0 0.07^  per lb. Zr. produced. 
Table 12 itemizes the labor costs for the operation 
of the semi-works plant. Two operators per shift are as-
siomed, and for the five and one-half day work week, no 
extra operators are required for rotating shifts. The equiv­
alent of one full-time analyst and one supervisor complete 
the labor requirements. 
Table 12. Labor costs for semi-works plant operation. 
Item Cost per month. 
6 operators 0 1200 
1 analyst 250 
1 supervisor ^ 5^0 
0 1900 
(Yield of zirconium = 1000 lb.) 
Unit cost; 0 1.900 per lb. Zr produced. 
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Table I3 summarizes the unit costs and Indicates the 
total production cost of $ 6.6^  per pound of zirconium pro­
duced. The power and utilities cost was estimated with re­
ference to previous cost estimates and to the Oak Ridge cost 
estimates discussed below. 
Table I3. Summary of production costs. 
Item Cost per lb. Zr. produced 
Plant amortization (Table9) ? 1.17 
Chemicals for hafnium separation (Table 10) 1»35 
Chemicals for zirconium purification 
(Table 11) 0.08 
Overall labor (Table 12) 1.90 
Power and utilities 0.2? 
Direct cost  ^ h,75 
Overhead 1.90 
Total cost 0 6.65 
Although these costs have been estimated, rather than 
taken from actual operations, the estimates were made con­




The Oak Ridge National Laboratory, y-12 Area, is oper­
ating a zirconium purification plant having a capacity of 
one thousand pounds of zirconium per day. Their process con­
sists of a thiocyanate extraction of hafnium and a salicylate 
precipitation of zirconium from common impurities, followed 
by destructive ignition to zirconium oxide, A report of the 
status of their program released in 1950 (9) Included pro­
posals for the construction and operation of permanent zir-
conitim facilities at four different capacities. These costs 
are of interest for the purpose of comparison and the cost 
analysis above is patterned after the Y-12 estimate. 
Since the smallest scale of operation proposed in the 
Oak Ridge report is larger than one thousand pounds per 
month, the costs contained therein had to be extrapolated 
back to the same capacity. Although extrapolation is gener­
ally subject to errors, it is felt that the method described 
below is fair to the extent of estimating a minimum cost for 
the thiocyanate process when built and operated at a capacity 
of one thousand pounds of zirconi^ um per month. 
Figure 13 shows how plant costs per annual ton of pro­
duction are related to capacity in accordance with a con­
ventional method of correlating such data. The points repre­
senting Ames Laboratory estimates are from previously unpub­
lished estimates. The points representing Oak Ridge estimates 
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13. Variation of estimated plant costs with capacity. 
108 
are plotted and also the point representing the semi-works 
plant estimate. From the line correlating the Oak Ridge 
plant cost estimates, the cost of a plant to produce one 
thousand pounds of purified zirconium per month is estimated 
to be the product of six tons per year and 15 thousand dollars 
per annual of capacity, or 90 thousand dollars, total capital 
investment. The unit cost is 0 1,50 per poiind of zirconium 
produced, to amortize the plant cost in five years. 
Chemical costs are taken Independent of capacity. The 
cost of the chemicals used in the extraction process of sepa­
rating hafnium from zirconitam are reported as 0 1.25 per 
pound of zirconium produced. Chemical costs for the salicylic 
acid process for removing common impurities are reported to 
add 0 1,0^  per pound of zirconium produced. 
Labor costs are not itemized in the Oak Ridge report, 
but the minimum direct labor cost was reported to be approxi­
mately 700 dollars per week, or 3050 dollars per month, 
which corresponds to 0 3*05 per pound of zirconiiim, 
A combined estimate for power and utilities was reported 
at each of the four scales of operation. From the trend of 
the estimated cost of power and utilities with capacity, it 
was estimated that 0 0,25 per poimd of zirconitmi was a fair 
estimate of the minimum cost for power and utilities at this 
scale of operation. 
Table l^ f compares the contributing items of the cost of 
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producing high-purity zirconium by these two processes. The 
tabulated costs are based upon a pound of purified zirconium. 
Table 1^ -, Comparison of production costs for high-purity 
zirconium. 
Item Oak Ridge Process Ames Lab. Process 
Plant amortization $1,^ 0 $ 1.17 
Chemicals for hafnium 
separation 1.2? 1.35 
Chemicals for zirconium 
purification 1,0^  0,08 
Overall labor 3.0^  1.90 
Power and utilities 0.25 0.25 
Direct cost gf 7.09 yS if. 75 
Overhead .^O  ^ 1.90 
Total cost 1^0.IM- S 6.6? 
The comparison indicates that the same scale of operation, 
using comparable bases for estimating costs, the Oak Ridge 
process is probably more expensive than the Ames Laboratory 
process. There is no reason to believe that the reverse 
would be true at larger capacities. Furthermore, the final 
product from the Oak Ridge process is a passive zirconiian 
oxide containing about two per cent carbon, whereas the pro­
duct from the Ames Laboratory process is a water-soluble 
crystalline zirconyl chloride octahydrate of high purity, 
which is suitable for conversion to a high-or-low-fired ox­
ide, or for precipitation of a fluoride or other compound. 
110 
depending upon the subsequent metallurgical operations. 
The foregoing cost analysis and cost comparison indi­
cates that the adsorption purification process under de­
velopment at the Ames Laboratory is economically competi­
tive with the thiocyanate process. 
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DISCUSSION 
This investigation does not represent an exhaustive study 
of continuous adsorption separation of zirconium from hafnium. 
The concentration of the feed solution was held constant at 
about 23 per cent crude tetrachloride by weight, Hansen's 
early work indicated that 1? to 25 per cent was a satisfactory 
range of concentration. For higher throughput of zirconium, 
the present work used the 23 per cent feed rather than lower 
values. Although Hansen fotind that results were poorer at 
concentrations of 0^ per cent, feed concentrations above 23 
per cent warrant further investigation. 
The silica gel used in this research was that recommended 
by Hansen as giving the best results of the three he tried. 
The silica gel was purchased from the Davison Chemical Cor­
poration and the mesh size was from 28 to 200. Less expen­
sive grades of silica gel are available, and the pricc of 
these gels may offset their poorer performance. Stich a study 
should be a part of future development. 
The adsorption separation was operated at room tempera­
ture. No study was made of the effect of temperature on 
the equilibrium, kinetics, or on the yield and purification 
from a continuous operation. The upper limit of temperature 
is the boiling point of the solution for operations at atmos­
pheric pressure, which is not appreciably above the boiling 
point of methanol. The lower limit of temperature depends 
112 
upon the viscosity of the solutions. Increased pressure 
drop would accompany any increase in viscosity. 
Pressure drop due to flow through the adsorption 
column was used in the pilot plant as a qualitative indi­
cation of obstructed flow. Complete pressure-drop studies 
would provide valuable information regarding the maximum 
linear velocity of the feed through the adsorbent bed. The 
conditions under which channeling and slugging occur should 
be determined so that future designs will not be subject to 
these faults. 
No study has been made of a continuous adsorption 
column which incorporates as stripping section, in which 
methanol, perhaps containing hydrogen chloride, would 
preferentially strip zirconium from the gel. If such a 
center-feed column were feasible, the zirconium yield would 
be improved over the present limit of 92 per cent. Further­
more, by-product hafnium containing less zirconium would 
become possible without much additional labor. This pos­
sibility Is attractive from the cost standpoint. 
Previous studies of silica gel in connection with this 
process were complicated by the lack of an understanding of 
what was required of the silica gel and what experimental 
measurements could be made to evaluate the quality of the 
gel# First of all, the value of Kq is desired to be as 
large as possible. Secondly, the value of the hafnium dis-
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crlbution coefficient, Djjj is desired to be as small as pos­
sible. The influence on these two factors of different sil­
ica gels, imder otherwise identical conditions, may be used 
to compare gels. 
Changes in Kq from one gel to another would probably in­
dicate changes in the chemical nature of the gel, since Kq is 
the ratio of chemical equilibrium constants. Changes in D 
are related to changes in the adsorptive capacity of the gel, 
yo, in Equation C+S) in which D is a linear function of the 
effective concentration, CQ, but is inversely proportional to 
yo. Thus, for a series of gels of differing yo, but identical 
equilibrium constants, the product, Dyo, would be a linear 
function of Cq, independent of the gel. The experimental de­
termination of D would then give quantitative information re­
garding yo> the gel parameter of fundamental importance in 
the preceding analysis. 
Furthermore, if yo can be shown to be uniquely related 
to the heat of wetting and the moisture content of the gel, 
convenient criteria may be established for the study of vari­
ous gels, or for setting quality tolerances on gel for use 
in the process. Given yo, determined by one of the above 
methods, the operating conditions of the adsorption coliimn 
can be adjusted to compensate for the difference between the 
yo of the gel at hand and the standard yo. 
lll+ 
The capacity, yo, entering into kinetic studies as in 
Equation (63), would influence the rates of adsorption as 
indicated by this equation. On the other hand, information 
regarding y© may be obtained by determining the rates of 
adsorption and calculating the value of yo which best corre­
sponds to these rates in accordance with Equation (63), 
The engineering information required for scaling-up 
the adsorption process is now available. Improvements in 
design and operation which will be reflected in lower costs 
are expected to result if research is continued upon the 
bases established by this investigation. 
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CONCLUSIONS 
1. The feasibility of continuous adsorption-sepa­
ration of zirconiiJin from hafnium was demonstrated on a 
scale equivalent to one hundred pounds of zirconium per 
month, 
2. A rational analysis of the adsorption process re­
sulted in a satisfactory correlation of the experimental 
data obtained from pilot plant operations, 
3. A reasonable interpretation was given to experi­
mental data on equilibrium distribution and rates of ad­
sorption of hafnium and zirconium. 
The separation factor, K©, vfas found to be 13,18 
with a 95 per cent confidence interval ranging from 8,^ 2 
to 20,66, for 0^ determinations, 
5, The equilibrium distribution of zirconium between 
the solution and adsorbed phases was correlated with the 
zirconium and hafnium concentrations in solution by the 
following equation: 
Dz = 0.3603 + 0,0071^0 1 + Csz. 
6, The purification ratio, (Rp/Rp), in continuous 
adsorptions was correlated with the ratio of adsorbent bed 
volume to product flow rate, (VQ/P) hours, the ratio of ad­
sorbent feed rate to product flow rate, (W/P) pounds per 
gallon, by the following equation: 
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 ^= w , I - 1.19P , wnr 0.22lfVn 1.19P 
P 1?.7P T l.i9r^ ^ antlln — 
W ^ 1/ 
7. A semi-works plant was designed for the purifica­
tion of one thousand poimds of zirconium per month. Two 
adsorption columns were specified for flexibility of oper­
ation, One was six inches in diameter and 17 feet high, 
the other was 12 inches in diameter and 17 feet high. The 
operating ratio was chosen to be 2,05 pounds of silica gel 
per gallon of product solution, to obtain a zirconium yield 
of 87 per cent. 
8, A comparison of costs was made between the Ames 
Laboratory adsorption process and the Oak Ridge National 
Laboratory thiocyanate process at a scale of one thousand 
pounds of zirconium per month. Where the Oak Ridge process 
was estimated to cost 0 10,1^  per pound of zirconium pro­
duced, the Ames process was estimated to cost fS 6,65 per 
pound of zirconium produced. 
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